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Abstract 
 
Concentration technologies such as evaporation, freezing, and membrane processes, are used for 
juice production, with the most common method being evaporation. However, the high energy 
demand for the evaporation process as well as the reduction of the quality of temperature-sensitive 
materials is among the disadvantages of this technology. Furthermore, at high-temperature, 
sucrose inversion causes a significant loss of revenue together with caramelisation. Scale 
deposition resulting from sulphate ions present in the sugarcane juice solution leads to a 
significant reduction of the heat transfer coefficient of the evaporators.  For temperature-sensitive 
materials, membrane and freezing techniques appear to be desirable; however, each of these 
methods has its unique disadvantages. Hydrate technology is an interesting application used for 
the capture of greenhouse gases, oil and gas transmissions, and also recommended for food 
concentration. Due to the low latent heat of fusion compared to evaporation, as well as better 
preservation of sucrose solution at low temperature as salt deposition is avoided during hydrate 
formation, hydrate technology can be considered as an attractive concentration technology 
solution to evaporation. 
 
In this research study, gas hydrate technology is investigated for the concentration of sugar cane 
juice from a feed concentration of 12 oBrix sucrose solution.  Concentration experiments were 
conducted on a newly commissioned 750 ml hydrate reactor to assess the final concentration of 
the product. The novel feature of the apparatus is a sampling mechanism to remove the 
concentrated liquid once the hydrate had formed. A significant portion of this study was dedicated 
to the assembling and commissioning of the experimental apparatus, which included two 
polycarbonate windows, a sampling mechanism and enhanced mixing mechanism. Parallel tasks 
were performed to meet the objectives which included thermodynamic model developments and 
phase equilibrium measurements with a previously tested experimental apparatus to establish the 
hydrate phase boundaries.  
 
Once the experimental technique was validated on the new setup using a test system measured 
within the acceptable uncertainty range, novel phase equilibrium data were generated for the CO2 
+ sucrose solutions (35 and 40 oBrix) and CO2 + fructose solution (15 oBrix). Several 
thermodynamic model combinations were used to obtain the best correlation for the systems 
measured. Both the direct and combined methods were used for modelling. New model algorithms 
were developed in which the empirical parameters for the activity coefficient models of the non-
random two liquid (NRTL) and universal quasi chemical (UNIQUAC) were tuned for the systems 
studied. The best combination of models was reported for each system using the statistical 
iv 
 
analysis. Excellent consistency between experimental data and data fit results were obtained with 
average absolute relative deviation (AARD) errors smaller than 1 %. 
 
The experimental procedure was developed for the kinetic studies with sample withdrawal of the 
concentrated solutions.  The sample withdrawal procedure was developed in a way such that the 
kinetic parameters such as induction time could be evaluated for each test. Novel kinetic 
measurements were performed on aqueous feed solutions up to 35 oBrix sucrose solution with the 
aim to investigate the temperature and pressure effect. Several experiments were performed on 
the new experimental apparatus to assess the concentration and number of stages required for the 
sucrose solutions and sugar cane juice, and whether it was possible to achieve the desired 60 oBrix 
sucrose solution as compared to conventional methods in the sugar cane factories. The effect of 
parameters such as temperature, pressure, time, mixer speed, and mesh size on the concentration 
of the sugar solution were investigated.  
 
Experimental measurements were performed for sucrose solutions at the concentrations up to 60 
oBrix using three hydrate stages with optimum conditions for temperature, pressure, mesh size, 
and mixer speed of 1.5 o C, 3.70 MPa, 26 μm, and 130 rpm, respectively. Thereafter, 
measurements were performed using cane juice solution at the same conditions. The hydrate 
concentration results showed that from an initial concentration of 12 °Brix (cane juice), 
approximately 55-60 °Brix can be achieved in a four-stage process, with operating conditions at 
37 bar, temperatures of 1.5 o C and a stirring speed of 130 rpm. Promising results from this study 
reveal a significant concentration from 12 to approximately 30 °Brix over the first stage at the 
stated conditions within 4 hours. By contrast, three stages are required in a typical multi-effect 
evaporation train to obtain 28 oBrix cane juice. 
 
In summary, this study assessed the viability of sugar cane juice concentration via hydrate 
formation in comparison to the multi-effect evaporation process.  A preliminary assessment of 
the energy usage for the hydrate process was performed for benchmarking purposes on a 
simplified basis, and the feasibility of this technology was evaluated. The preliminary calculations 
showed an estimated 20 % decrease in energy usage with hydrate technology compared to that of 
evaporation for the concentration of sugar cane juice up to 30 oBrix.  
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Nomenclature 
English letters 
Symbol  Description Unit  
Å Angstrőm unit -- 
AARD Average Absolute Relative Deviation -- 
aij Cross parameters for the terms am Pa.(m3.mol-1)2 
am EOS parameter for the mixture Pa.(m3.mol-1)2 
aw Activity of water -- 
bij Cross parameters for the terms bm m3.mol-1 
°Brix Sugar content by mass expressed as a percentage -- 
bm EOS parameter for the mixture m3.mol-1 
C Langmuir constant Pa-1 
C Celsius -- 
Cml Langmuir constant for component l in cavity m -- 
Cp Heat capacity J.mol-1.K-1 
CSTR Continuous Stirred-Tank Reactor -- 
DO Direct Osmosis -- 
EOS Equation of State -- 
f Fugacity Pa 
FCS Freeze Concentration System -- 
FO Forward Osmosis -- 
HFR Hydrate formation rate molgas.molwate-1.min-1 
K Kelvin -- 
kapp Apparent rate constant molgas.molwate-1.min-1. Pa-1 
kij Binary interaction parameters -- 
Lw The liquid phase -- 
M Hydration number, Molecular weight --, kg/kmol, respectively 
m Meter -- 
MD Membrane Distillation -- 
N Number of experimental data -- 
n Number of moles mole 
NF Nano Filtration  -- 
NRTL Non-Random Two-Liquid model -- 
nw0 Initial number of moles of water in the liquid phase mole 
OE Osmotic Evaporation -- 
P Pressure MPa 
PR Peng Robinson -- 
r Radial coordinate m 
R Universal gas constant m3.Pa.mol-1.K-1 
r(t) Rate at time equal t mol.min-1 
RO Reverse Osmosis -- 
s Structure of gas hydrate -- 
SC Storage capacity v/v  
VS0 Initial volume m3 
SMRI Sugar Milling Research Institute  -- 
SRK Soave-Redlich-Kwong -- 
T temperature  K 
t Time s 
TRU Thermodynamics Research Unit -- 
UF Ultra-Filtration -- 
UNIQUAC UNIversal QUAsi Chemical -- 
UNIFAC UNIQUAC Functional-group Activity Coefficients -- 
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English letters continued. 
Symbol  Description Unit  
Vcell Cell volume m3 
VdW Van der Waals -- 
VHt Volume of the hydrate at time = t m3 
VRwt Volume of reacted water m3 
x Mole fraction in the liquid phase -- 
y Mole fraction in the vapour phase -- 
Z Compressibility factor -- 
 
Greek Letters 
Symbol  Description Unit  
𝜶 NRTL dimensionless parameter -- 
 
Activity coefficient -- 
 
Kihara potential parameter -- 
 
Characteristic energy J.mol-1 
 
Surface area parameter UNIQUAC, hydrate cage type -- 
 
Chemical potential J.mol-1 
 
Collision diameter m 
 
Binary parameters, UNIQUAC model -- 
 
Number of cavities of each hydrate structure  -- 
 
Eccentric factor -- 
 Gradient -- 
 
Fugacity coefficient -- 
 
Superscripts 
Symbol  Description 
C Combinational 
E Excess 
H Hydrate 
I Ice 
L Liquid 
MT Empty hydrate lattice  
R Residual 
sat Saturated 
V Vapour 
W Water 
 
Subscripts 
Symbol  Description 
app Apparent 
c Critical 
calib Calibration  
cell Hydrate cell 
equilib Equilibrium 
g Gas 
H Hydrate 
i Species i 
I Ice 
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Subscripts continued. 
Symbol  Description 
j Species j 
k Species k 
L Liquid 
mix Mixture 
RW Reacted Water 
S0 Initial volume of the water in the cell 
STD Standard 
STP Standard Temperature Pressure 
t Respective time 
W  Water 
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Chapter 1: Introduction 
 
The method of sugar manufacturing has stayed traditionally the same for many years, with the 
proven technology of multi-effect evaporation trains being used to concentrate the juice. Several 
research studies have presented alternative techniques for sugar cane juice concentration; 
however, the basic principles of the evaporation technology remain intact. In this regard, various 
methods have been tested, including membrane utilisation (Nene et al., 2002) and freezing 
technology (Rane and Jabade, 2005). The use of processing methods such as evaporation, 
membrane separation and freezing technology generally has a very high energy demand and, in 
some cases, a high maintenance cost. There has been no attempt reported in the literature to 
commercialise the research projects using other technologies. The use of evaporation is the most 
common and traditional method of sugar production locally, despite the disadvantages such as the 
loss of the sugar cane juice contents such as sucrose due to juice entrainment, inversion 
(hydrolysis of sucrose to fructose and glucose) (Chen and Chou, 1993) and polymerisation (e.g. 
through caramelisation reactions) (Hugot, 2014) on hot surfaces during evaporation. Such 
process-related constraints pose a significant problem resulting in the production of undesired 
quality products. On the other hand, relatively high energy costs as well as expense and time are 
required to clean the heat transfer surfaces, which accumulate scale and need to be mechanically 
or chemically cleaned every few weeks, (Hu et al., 2006) are among other disadvantages of the 
evaporation technology.  
 
The major share of the sugar is produced globally from sugar cane juice (80 %), and the rest is 
produced from beetroot (Punda et al., 2009). Evaporation is the dominant technology to produce 
sugar globally. The energy required for sugar production is either electrical energy or 
cogeneration. In South Africa, multi-effect evaporation trains are used to concentrate the sugar 
cane juice. South Africa is among the top 20 countries in sugar production. Following the statistics 
(published by the United States Department of Agriculture, USDA) over 2011 to 2016 there is a 
peak of sugar production in 2013, and with a decline thereafter (Sikuka, 2019). Figure 1-1 shows 
the sugar production in South Africa from 2011/2012 to 2018/2019. At the time that this research 
project started, the sugar market was distinguished by a shortage in sugar supply being at the 
height of the drought. There has been a significant increase in sugar production since then though 
the South African sugar industry is struggling with low prices and a severe oversupply due to the 
international sugar market. In the current situation, the overall production cost of sugar is more 
than the market price. In recent years, South African industries have been facing challenging 
circumstances with increasing cheaper imports and agricultural land issues. This has impacted on 
increasing the production costs of sugar (Mchunu, 2019).  
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Figure 1-1. South African sugar  production and  sales between 2011 to 2019, extracted 
from the (SASA, 2019). 
 
This study aims to investigate the use of hydrate technology in sugar cane juice concentration as 
an alternative to evaporation. For this purpose, the investigation included the commissioning of a 
new experimental apparatus with a sampling mechanism to remove the concentrated sample from 
the sugar solution. The hydrate stability zone and the hydrate formation rates were evaluated 
experimentally to understand the boundary operating and processing conditions. The 
thermodynamic dissociation data and the hydrate formation kinetics were measured. 
Thermodynamic modelling of the dissociation and hydrate formation kinetic data were 
performed. These are useful in understanding and proposing a process design. The experimental 
concentration tests were performed on sucrose and sugar cane juice solutions, by varying several 
parameters including pressure, temperature, mixer speed and mesh size. Once these objectives 
were met, a preliminary assessment of the energy usage was performed comparing the hydrate 
and evaporation processes. 
 
1.1 Overview of the sugar manufacturing process 
Cane juice is concentrated in the multi-effect evaporator which operates under vacuum 
conditions. For better results, cane juice is pre-heated to the boiling temperature before entering 
the first evaporation stage. Usually, the concentration of the product in evaporation is 65-70 oBrix. 
The oBrix is a quantity indicating the mass percentage of sugar content in the solution which is 
named after its funder, Adolf Brix (Hough et al., 2012). The juice is preheated in 2 or 3 stages to 
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above-boiling temperature together with either cold or hot liming, which could be in any stage. 
The hot, limed juice is then flashed at atmospheric pressure, so that the temperature drops to the 
boiling temperature (at atmospheric pressure), removing dissolved gases, especially oxygen. The 
juice is then clarified in a large clarifier to settle out calcium phosphate precipitate which is 
sometimes followed by some heat loss. Most factories have clear juice heaters, where the clarified 
juice is heated before evaporation. For those that do not have clear juice heaters, the final heating 
to the first effect juice temperature occurs inside the evaporator. The multi-effect evaporation uses 
the vapour generated in each effect as the heating medium for the subsequent effect. This results 
in significant energy savings compared to single-effect evaporation. Furthermore, in sugar 
factories, bleed streams are drawn from intermediate vapours as low-grade heating streams for 
the rest of the factory. This builds significant energy efficiency into the evaporator station design 
through the use of multiple effect vapour bleeding rather than using exhaust steam in general 
factory heating duties (Hough et al., 2012, Hugot, 2014, Chen and Chou, 1993). A typical 
evaporation based sugar factory requires a relatively high amount of energy to maintain the 
system temperature at the level needed for each step. Novel processing technologies are being 
investigated to reduce energy requirements.  
 
The significance of this work is that gas hydrate technology needs to be compared against a robust 
and highly integrated energy design. The justification for attempting this is because the latent heat 
of melting is much less than that of vapourisation. The other benefits relating to the lower 
temperature also might provide material benefits to the process, but not if the project economics 
are not significantly better than an equivalent evaporator station design. 
 
Outline of the thesis:  
This thesis is presented in 8 chapters.  
Chapter 1 gives an introduction to the thesis. 
Chapter 2 discusses the literature review on sugar production techniques.  
Chapter 3 gives a review of the modelling approaches used in this work.  
Chapter 4 discusses a literature review on sugar concentration via gas hydrate technology.  
Chapter 5 provides a discussion on the equipment design as well as the different apparatuses used 
in this work.  
Chapter 6 presents the experimental thermodynamic and kinetic data measured in this work along 
with the juice sampling results. A preliminary study of a gas hydrate plant is also shown in this 
chapter. 
Chapter 7 presents the concluding remarks in this study. 
Chapter 8 provides recommendations for future work. 
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Chapter 2: Literature review of juice concentration techniques 
 
This chapter compares the various methods used for sugar production, with a focus on the energy 
demand, the capability of each technique, and the product recovery. The four processing methods, 
viz., evaporation, membrane separation, freezing and gas hydrate are presented with a brief 
summary provided on each technology, and its capacity. 
 
2.1 Evaporation 
This is the traditional and most commonly used method, which is based on evaporating water to 
concentrate the sugar cane juice with operating temperatures up to 112 o C and pressures below 2 
mbar. Generally, a product of ~ 65 to 70 oBrix is obtained. While there should be no change to 
the physical and chemical properties of the solution, these components are sensitive to high 
temperatures, causing the fluid to lose sucrose due to juice entrainment, inversion (hydrolysis of 
sucrose to fructose and glucose) and polymerisation (e.g. through caramelisation reactions) on 
hot surfaces, thereby reducing the quality of the material (Kujawski et al., 2008, Madaeni and 
Zereshki, 2010, Jiao et al., 2004). The valuable compounds of fruit juice are also sensitive to heat. 
Therefore processing is desirable at low temperatures and over short periods (in average, almost 
50 % of the vitamin C content of vegetables is lost in an environment of 60 o C (Igwemmar et al., 
2013)).  
 
It is important not to combine fruit juice and sugar cane juice. The fruit juice vitamin content and 
flavour are negatively influenced by heat and the aim is to retain the flavour and vitamins. In 
sugar juice, the aim is to recover sucrose in as pure form as possible. This involves the elimination 
of flavours and colour. Heat adds flavour and colour which are subsequently removed in the 
crystallisation steps. The biggest problem is the loss of sugar, which means loss of saleable 
product. 
 
The flow diagram of the sugar factory is shown in figure 2-1 (FASTONLINE, 2017). The sugar 
cane is first crushed and washed with hot water in the cane cutter to extract the juice. The extracted 
juice is then clarified, preheated and limed to be prepared for the concentration process. Thereafter 
the juice is introduced to the multi-effect evaporation train to produce syrup. The syrup is then 
crystallised in a crystalliser. The syrup and crystals formed in the previous stage are sent to the 
centrifuge to separate molasses from raw sugar. 
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Figure 2-1. Flow chart of the cane sugar manufacturing process (Fastonline, 2017). 
 
Vacuum thermal evaporation is a common approach for juice concentration to reduce the boiling 
point of the material. Therefore, before the juice enters the evaporation train, it is preheated to 
raise its temperature to above the boiling point to save energy and cost. A multi-effect evaporation 
train (4-5 effects) is usually used, working in series to reduce the energy requirements (Poel et 
al., 1998, Honig, 1963). Some disadvantages are explained as follows:  
 
The inversion of sucrose happens when the pH of the juice is below 5, and the temperature is 
higher than 60 o C. This causes the decomposition of sucrose to glucose and fructose (Honig, 
1963).  
 
C12H22O11 + H2O    →     C6H12O6 + C6H12O6     (R1) 
 
There are several species such as salts, ions, phosphate, mineral and organic material, present in 
the sugar cane juice. While some components of the juice cane are removed during clarification, 
the final molasses has some salts, and other components present. The existence of these 
components during the concentration steps cause the formation of scale on the walls of the unit 
vessels. Scale deposits reduce the heat transfer coefficient, compromising the evaporation rate 
which is required (Poel et al., 1998, Honig, 1963).  
 
The significance of this work from the energy point of view is due to the extremely low latent 
heat of melting compared to its vaporising counterpart. Rather, better preservation of sucrose at a 
lower temperature could eliminate revenue loss. However, the project economics plays an 
important role compared to that of an equivalent evaporator station. On the other hand, the vapour 
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bleed from the evaporation trains is usually used to provide the energy required for other parts of 
the factory which is a significantly important source to save energy. This is one of the drawbacks 
in adopting gas hydrate technology in such conditions as there is no access to the extra energy 
output stream.  
 
2.2 Membrane separation 
In recent years, there has been tremendous growth in the use of membranes for water treatment 
(Madhura et al., 2018), gas separations (Bernardo et al., 2009), and fruit juice concentration 
(Cassano et al., 2018). Due to their advantages to conventional separation methods, their use in 
different industries such as chemical, petrochemical, refining, food and medicine is growing 
(Zambra et al., 2015). Generally, the membrane technology has been used in several forms of 
reverse osmosis (RO), direct osmosis (DO), osmosis distillation (OD), membrane distillation 
(MD) and forward osmosis (FO). 
 
Industrially, fruit juice concentrated via evaporation often results in loss of flavour, colour and 
taste, decreasing the juice quality. Recent reports of membrane applications in the industry show 
a final product having the sugar content of 25-30 oBrix using RO. Usually, to achieve a higher 
concentration, a hybrid system is necessary. In such cases, a membrane is used, followed by 
evaporation  (Gul and Harasek, 2012). However, this increases the capital and energy requirement 
together with maintenance cost (especially membrane). Several authors (Cassano et al., 2003, 
Koroknai et al., 2008, Onsekizoglu et al., 2010) report the concentration of fruit juices using a 
combination of hybrid operations.  
 
Figure 2-2 shows a typical flow diagram for osmosis distillation, which operates at room 
temperature and atmospheric pressure to extract water molecules selectively from the solution 
using a microporous hydrophobic membrane. Concentrated brine is utilised as the stripping 
solution downstream of the membrane (Jiao et al., 2004).   
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Figure 2-2. Typical osmosis distillation system for juice concentration (Jiao et al., 2004). 
 
Several parameters affecting the membrane concentration methods have been studied in the 
literature. The difference in temperature affects the vapour pressure which leads to diffusion of 
water vapour through the membrane. As the difference in temperature increases, the difference of 
vapour pressure and thus the flux of distillation in membrane rises (Nene et al., 2002). The gradual 
decrease of the driving force in MD reduces the flux of water, but generally, the driving force 
does not change the mass transfer coefficient throughout the process (Alves et al., 2004).  The 
results of another study (Warczok et al., 2007) also prove that RO distillation is an efficient 
method in the treatment of high viscous solutions by dehydration of the solution. The examination 
of the water flux on the available commercial membranes showed the improved ability of FO in 
the concentration of sugar solution compared to RO which is attributed to the internal polarisation 
of the solution. This is defined as the concentration gradient generated at the interface of the 
membrane and solution due to membrane permselectivity. The temperature can also affect the 
water flux significantly by increasing the diffusion coefficient (Garcia-Castello et al., 2009). 
Furthermore, studies on the energy consumption showed that RO requires significantly lower 
energy to concentrate the sugar solution which is additional to no sugar loss in the membrane 
concentration process (Madaeni and Zereshki, 2010). Table 2-1 summaries the literature review 
on such methods. 
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Table 2-1. Summary of the literature review on fruit juice concentration using membrane technology. 
References Juice Cinitial/ oBrix Cfinal/ oBrix Operation1  P/ MPa T/ o C 
(Alvarez et al., 1997) Apple juice 11 27 RO 0.55 17-47 
(Petrotos et al., 1998) Tomato juice 4.3-11.7 24 OD 0.2 25-26 
(Bailey et al., 2000) Grape juice 23 68 OD 0.15 25 
(Curcio et al., 2001) Orange juice 
 
+15 of Cinitial MD 0.5 25 
(Cassano et al., 2003) Carrot and citrus 15-20 63 UF, RO, OD 7 Up to 45 
(Matta et al., 2004) Acerola juice 7.1 29 RO 0.16 25 
(Alves et al., 2004) Fruit juice 12 60 OE 
 
30 
(Warczok et al., 2004) Pear and Apple juice 10 71 NF 1.2 25-35 
(Gunko et al., 2006) Apple juice 11 50 MD 0.3 10-70 
(Rektor et al., 2006) Grape juice 17 60 MD 14.2 15 and 30  
(Jesus et al., 2007) Orange juice 2.3 - 5.8 36 RO 0.6 25 
(Cassano and Drioli, 2007) Kiwifruit juice 9.4 67 OD 0.04 25 
(Cassano et al., 2007) Cactus pear juice 11 61 OD 0.048 28 
(Hongvaleerat et al., 2008) Pineapple juice 12.5 57 OE 0.2 20-35 
(Koroknai et al., 2008) Chokeberry, redcurrant, cherry 9.6  65  UF-MD 0.16 25 and 30 
(Pap et al., 2009) Black currant 16.5 29 RO 6 25 
(Bánvölgyi et al., 2009) Black currant 10 25  RO 3.5 30 
(Valdés et al., 2009) Onion juice 8 32 OD 
 
30 
(Pap et al., 2010) Black currant 18 25 RO 0.45 30 
(Onsekizoglu et al., 2010) Apple juice 12 70 OD, MD 
 
25 to 30 
(Sotoft et al., 2012) Black currant 12 66 MD 0.015 40 
(Echavarría et al., 2012) Fruit juice 12.2  30.5  RO 4 25-27  
(Kujawski et al., 2013) Grape juice 5 8 OD 
 
35 
(Destani et al., 2013) Orange juice 11 61 OD 0.0375 25 
(Zambra et al., 2015) Cranberry juice 8.6 40 OD 
 
30 
1 reverse osmosis (RO), direct osmosis (DO), osmosis distillation (OD), membrane distillation (MD) and forward osmosis (FO). 
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2.3 Freezing 
This method is used for heat-sensitive juices. In this process, the water becomes ice, thus the 
amount of solvent is reduced. After the ice is formed the two phases can be separated 
mechanically (Chen et al., 2015). As an example for apple juice with 11% dry material, the 
freezing point is between -5 to -8 ℃. After the process is finished, the mixture contains ~81.5% 
ice crystals, and dry material content is increased by approximately 40% (Miyawaki et al., 2016).  
 
In freezing, the energy required for concentration and freezing per unit of water (80 kcal per kg 
water) is less than evaporation (approximately 30 % of a three-stage evaporator (Guignon et al., 
2012)). Due to the expensive form of energy and the high cost of the facility, the system is more 
costly compared to evaporation (Guignon et al., 2012). Hence, concentration via freezing is used 
just for heat-sensitive materials, such as, orange juice, which has limited applications. In this case, 
the final dry matter content depends on the viscosity, which for fruit juice is about 40-50 oBrix 
(Guignon et al., 2012). Table 2-2 shows the advantages and disadvantages of freezing technology 
on orange juice concentration.  
 
Table 2-2. Advantages and disadvantages of using freezing for orange juice concentration 
(Farnworth et al., 2001, Polydera et al., 2005). 
Advantage  Disadvantage 
Operates at a low temperature  
The volatile aroma remains intact  
Refrigeration cost is very high  
Capital investment is very high 
The operating cost is very high  
The rate of production is very low 
 
 
There are several papers published in the literature with highly valuable outcomes in terms of 
sugar cane juice concentration and separation using freezing technology. A summary of the 
available methods is presented in table 2-3. 
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Table 2-3. A brief summary of the literature on freezing technology for vegetables, fruit and sugar cane juice concentration. 
Year   Method or aim        Results 
(Huige and 
Thijssen, 1972) 
To study the bulk crystallisation and crystal 
growth 
- Increased mean size prediction by feeding smaller crystals  
- Better crystal growth by increasing the crystal concentration in the feed  
(Flesland, 
1995) 
layer crystallisation of aqueous solutions in 
falling film configuration 
- Less than 0.2 (kg) ice removal in each test 
(Kobayashi et 
al., 1996) 
To develop a more straightforward method to 
produce large ice crystals 
-  Keep the initial supercooling, and the solution melting point below 0.2 K 
- Introducing heavier ice crystals 
(Liu et al., 
1998) 
To prevent the accumulation of solution in the 
solid phase. 
- Successful use of the plate with holes to prevent subcooling 
- 54% higher purity of the solid phase 
(Chen et al., 
1998) 
To investigate the inclusion levels of the solute  - Same inclusion of solute on the horizontal coordinate (width 1-4 cm) 
(Chen et al., 
1999) 
Impact of potato starch on sucrose inclusion  - Sucrose in the ice layer is not sensitive to potato starch  
- Potato starch in the ice layer is sensitive to sucrose concentration  
(Wakisaka et 
al., 2001) 
To examine ice productivity  - Ice production: rejection of 578.6 kg/m2 h 99% of glucose  
- The optimum flow velocity of 1 m/s 
(Rane and 
Jabade, 2005) 
To study the heat transfer and the power 
requirement for the bench-scale plant 
- Power requirement rose synchronously with the ice fraction 
(Kawasaki et 
al., 2006) 
To investigate the efficiency at the fixed rate of 
freezing  
- Effective separation of lighter solutes  
(Qin et al., 
2006) 
To obtain eutectic points  - The properties of eutectic point and heat transfer coefficient has been obtained   
(Raventós et 
al., 2007) 
To study the multi-plate cry concentrator 
outcome 
- The maximum concentration of 32.2 oBrix 
- shortest process time of 16.6 h 
(Chudotvortsev 
and Yatsenko, 
2007) 
To obtain eutectic points  - An anomalous behaviour near the eutectic point  
- Similar component distribution in all of the systems studied 
(Sahasrabudhe 
et al., 2012) 
Freeze concentration system (FCS) equipped to 
a process of layer freezing  
- Increasing concentration along the plate length leads to increasing viscosity 
- Improving the viscosity results in lower velocity 
(Lopez-
Quiroga et al., 
2015) 
Determining the quality and safety of product - highly concentrated systems 
- A classical Stefan formulation coupling mass and heat transfer was used 
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2.4 Gas hydrate technology 
A hydrate is an ice-like crystal, which forms under specific thermodynamic conditions. It means 
that water makes a cavity with hydrogen bonding forces and traps gas molecules inside the cavity. 
Gas hydrates will be discussed extensively in Chapter 4. Few researchers have reported on 
sugarcane juice concentration using gas hydrate such as (Chun and Lee, 1999, Andersen and 
Thomsen, 2009, Purwanto et al., 2014, Smith et al., 2016). 
 
Based on the studies performed on the concentration methods of sugar cane juice, the drawbacks 
and advantages are presented in Table 2-4. This table shows a summary of the available 
techniques including their qualitative energy consumption and capital investment, the rate of 
product formation, quality of product and the stage of development for each technology. 
 
With evaporation, the concentration of the initial juice increases from 2.5-6 to 60 oBrix. However, 
the product quality is not rated high, but the plant can be constructed with modest capital 
investment. Another positive point is the water elimination rate of 200–300 l/m2h which is highest 
among other available methods (Jiao et al., 2004). The main drawback of the technique is high 
energy consumption. 
 
The final concentration of the product in membrane technology depends on the method or 
approach selected. The final concentration can vary between (55 to 70) oBrix. Due to the lack of 
high temperatures, the product quality is notable. However, the operational cost is very high, the 
maintenance of the plant requires a lot of time and energy, but the energy consumption is low. 
The concentration rate is on average almost 95 % less than evaporation (Madaeni and Zereshki, 
2010).  
 
With the freezing approach, looking at the operating temperature which can be down to -20 o C, 
it requires the highest energy requirement among the available methods. Depending on the 
production capacity of the product and because of the low rate of the freezing process, for 
production of the same amount of product, very high energy is required. With all the drawbacks 
in terms of energy and capital investment, it has a high-quality product with the concentration of 
at most 40 oBrix (Sánchez et al., 2009, Lopez-Quiroga et al., 2015). 
 
Gas hydrate is a new technology with the potential to overcome the high energy requirements for 
evaporation as well as a high-quality product. Table 2.4 presents a comparison among 
concentration methods available in the literature for sugar cane juice.  
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Table 2-4. Comparison of the different juice concentration methods including membrane and evaporation (extracted from (Jiao et al., 2004)), freezing and 
hydrate technology.  
Process Initial 
concentration 
(oBrix) 
Final 
concentration 
(oBrix) 
Product 
quality 
Evaporation 
rate or flux 
(l/m2h) 
Operating 
cost 
Capital 
investment 
Energy 
consumption 
Maturity 
Evaporation1 2.5-6 60 Moderate 200–300  Moderate Moderate Very high Developed 
Reverse osmosis1 2.3-5.8 25-30 Very good 5–10 High High High Developed 
Direct osmosis1 4.3-11.7 50 Good 1–5 High High Low Developing 
Membrane 
distillation1 
5-10 60 Good 1–10 High High Low Developing 
Osmotic distillation1 9.6-11 60 Very good 1–3 High High Low Developing 
Freezing2 10-15.5 40 Very good Low High High High Developing 
Hydrate2 10-15 60 To be 
studied 
--- --- --- --- New 
1 Jiao et al. (2004)  
2 This work 
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In summary 
Various treatment methods used in sugar production industry were reviewed in this chapter 
investigating the pros and cons of each technique. Due to the operating temperature of gas hydrate 
technology and its potential to overcome the energy required for conventional industrial methods, 
it can be considered as an attractive option. Furthermore, the operational condition helps the heat-
sensitive material remain intact and in excellent product quality, lowering inversion and heat-
related losses of sucrose as well as no colour change is anticipated. 
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Chapter 3: Thermodynamic and kinetic modelling 
 
This chapter discusses the modelling approaches used in this research study. The three phases in 
co-existence and equilibrium are hydrate, liquid, and vapour (SLVE). Each phase is modelled 
using appropriate thermodynamic relations concerning the measured variables of P, T, and x 
(sucrose). The experimental phase data were treated to find the best fit for the model parameters 
using either direct method (𝜑 − 𝜑) or combined method (𝛾 − 𝜑). Furthermore, the kinetic 
modelling of the experimental data was performed to obtain the gas hydrate formation rate, 
storage capacity, gas consumption, and apparent rate constant. Thereafter, a summary of the 
available literature data on the kinetics of the CO2 hydrate and most important parameters are 
presented.  
 
Since the discovery of the gas hydrate and its potential hazards to the petroleum industry by 
(Hammerschmidt, 1934) numerous studies on the development of theoretical and empirical-based 
models have been performed to better understand its behaviour. Different guest molecules are 
encapsulated in various types of cavities namely structures sI, sII and sH which differ in cavity 
size, geometric arrangements, number of cavity per unit cell, average cavity radius and number 
of water molecules participating in the formation of the cavity (Sloan and Koh, 2008, Carroll, 
2014). CO2 gas hydrate crystals has the structure type I (Sloan and Koh, 2008). The reader is 
referred to the selected texts for further reading. 
 
3.1 Thermodynamic modelling for gas hydrate 
In this study, the equilibrium state of the hydrate phase is modelled using the (Parrish and 
Prausnitz, 1972) approach. The method proposed is based on solving the equality of the fugacity 
of water in the liquid phase 𝑓𝑤
𝐿 and hydrate phase 𝑓𝑤
𝐻:  
 
( 𝑓𝑤
𝐻 = 𝑓𝑤
𝐿) 3.1 
 
𝑓𝑤
𝐿 is calculated using either the UNIFAC group-contribution model, UNIQUAC or NRTL 
models, while the fugacity of water in the hydrate phase is calculated using the solid solution 
theory of (Van Der Waals and Platteeuw, 1959) based on statistical thermodynamics. 
 
3.1.1 Data regression for the equilibrium of vapour-liquid 
There are two methods used to regress phase equilibrium data; the phi-phi (∅ − ∅) or direct 
method, and the gamma-phi (𝛾 − ∅ ) or the combined method. In the combined method, the 
fugacity coefficient is used to describe the vapour phase non-ideality while the activity coefficient 
15 
 
is used to describe the liquid phase non-ideality. However, in the direct method, the fugacity 
coefficient is used to calculate both vapour and the liquid phase non-ideality.  
 
Thermodynamic models are developed to estimate the fugacity of components in different phases. 
These include equations of state models (EOS) with mixing rules, as well as activity coefficient 
models. A summary of EOS models developed for better estimation of non-ideality in the 
mixtures is presented in table 3-1. (Tohidi et al., 1995) compares the results of hydrate modelling 
using the Valderrama EOS, with the non-density-related mixing rules and the Peng-Robinson 
EOS (Peng and Robinson, 1976), with the classical mixing rules of Van der Waals for single and 
mixed electrolyte-solutions. Both models can be used to model vapour and liquid phases for a 
non-electrolytic mixture in which the gas solubility is low. 
 
Table 3-1. Equations of states used in the hydrate phase equilibrium calculations (Smith, 2015). 
EOS Used in hydrate studies Mixing Rule 
Soave-Redlich-Kwong 
(Soave, 1972) 
(Chun and Lee, 1998) Modified Huron-Vidal 
(Dahl and Michelsen, 
1990) 
 (Sugahara et al., 2005) Classical  
 (Delahaye et al., 2006) Modified Huron-Vidal  
 (Mooijer-van den Heuvel et al., 
2006) 
N/S 
(Peng and Robinson, 1976) (Tohidi et al., 1995) Classical 
 (Javanmardi et al., 2004) N/S 
PRSV (Stryjek and Vera, 
1986) 
(Klauda and Sandler, 2000) N/S 
 (Khosravani et al., 2013) Non-density-dependent 
(Patel and Teja, 1982) (Chen and Guo, 1996) N/S 
 (Ma et al., 2003) (Kurihara et al., 1987) 
(Trebble and Bishnoi, 1988) (Englezos and Bishnoi, 1991) N/S 
 (Englezos, 1994) Quadratic 
(Valderrama, 1990) (Mohammadi et al., 2003) Non-density-dependent 
 (Javanmardi et al., 2012) Non-density-dependent 
N/S – Not specified 
 
Conventional methods for calculating the hydrate phase equilibria (Chun and Lee, 1998, Cao et 
al., 2001, Klauda and Sandler, 2000) use various thermodynamic models to calculate the fugacity 
of water in the liquid phase.  
 
Based on the factors mentioned, the Peng-Robinson EOS was used in conjunction with the Van 
der Waals mixing rules for vapour phase modelling in this study for systems with carbon dioxide. 
This EOS was selected because it is commonly used in the industry, and requires less detailed 
and quantitative inputs for gas system prediction than Soave-Redlich-Kwong EOS (Smith et al., 
2005). To model the liquid phase, the UNIFAC model was selected because of the use of the 
functional group according to the approach by (Chun and Lee, 1999). 
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3.2 Fugacity of water in liquid and gas phases 
The Peng Robinson (PR EOS) (Peng and Robinson, 1976) is used to calculate the fugacity of 
water in the vapour phase. Equation 3.2 represents the EOS with the parameters a and b are given 
in equations 3.3 and 3.6.  
𝑃 =
𝑅𝑇
𝑣 − 𝑏
−
𝑎(𝑇)
𝑣(𝑣 + 𝑏) + 𝑣(𝑉 − 𝑏)
 
 
3.2 
𝑎(𝑇) =
0.45724(𝑅𝑇𝑐)
2
𝑃𝑐
𝑎(𝑇𝑐) 
 
3.3 
𝑎(𝑇𝑐) = {1 + 𝛼 [1 − (
𝑇
𝑇𝑐
)
0.5
]}
2
 
 
3.4 
𝛼 = 0.37464 + 1.5422𝜔 − 0.2699𝜔2   
3.5 
𝑏 = 0.0778 (
𝑅𝑇𝑐
𝑃𝑐
) 
 
3.6 
a denotes the attractive volume parameter and b is the excluded volume parameter. 𝑇𝑐 is critical 
temperature, 𝜔 is acentric factor and 𝑃𝑐 is critical pressure, which are listed in table 3-2. 
 
Table 3-2. Properties of the pure component for EOS (Frenkel et al., 2005). 
Component 𝑷𝒄 (𝐌𝐏𝐚) 𝑻𝒄 (𝑲) 𝝎 
Water  22.064 647.14 0.344 
CO2  7.3830 304.21 0.224 
 
 
The fugacity coefficient can be calculated as follows (Peng and Robinson, 1976): 
 
𝑍3 − (1 − 𝐵)𝑍2 + (𝐴 − 3𝐵 − 2𝐵)𝐴 − (𝐴𝐵 − 𝐵2 − 𝐵3) = 0 3.7 
𝐴 =
𝑃𝑎(𝑇)
(𝑅𝑇)2
 
3.8 
𝐵 =
𝑃𝑏
𝑅𝑇
 
 
3.9 
∅̂𝑖
𝐸𝑜𝑆
= 𝑒𝑥𝑝 {(𝑍 − 1)
𝐵
𝑏𝑚𝑖𝑥
− 𝐿𝑛(𝑍 − 𝑏𝑚𝑖𝑥) −
𝐴𝑖
2√2𝐵𝑖
(
2 ∑ 𝑎𝑖𝑗𝑗
𝑎𝑚𝑖𝑥
−
𝑏𝑖
𝑏𝑚𝑖𝑥
) 𝐿𝑛 [
𝑍 + (1 + √2)𝑏𝑚𝑖𝑥
𝑍 + (1 − √2)𝑏𝑚𝑖𝑥
]
 
} 
3.10 
  
The following equations were used to calculate the fugacity of water in vapour and liquid phase: 
 
𝑓𝑤
𝑉 = ∅̂𝑤
𝑉 𝑦𝑤𝑃 3.11 
 
𝑓𝑤
𝐿 = ∅̂𝑤
𝐿 𝑥𝑤𝑃 3.12 
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The fugacity of water in the liquid phase is calculated as follows: 
𝑓𝑤
𝐿 = 𝑎𝑤𝑃𝑤
𝑠𝑎𝑡 3.13 
 
Where: 
𝑎𝑤 = 𝛾𝑤𝑥𝑤 3.14 
 
The saturation pressure is obtained as follows (where subscripts w and I are indicators of water 
and ice) (Dharmawardhana et al., 1980): 
 
𝑃𝑤
𝑠𝑎𝑡 = 10−6𝑒𝑥𝑝 (73.649 −
7258.2
𝑇
− 7.3037 ln(𝑇) + 4.1653 × 10−6𝑇2) 
3.15 
𝑃𝐼
𝑠𝑎𝑡
=
10𝑒𝑥𝑝 (−
1032.558
𝑇
+ 51.0561 log(𝑇) −
0.0977
𝑇
+ 0.70357 × 10−5𝑇2 − 98.512)
7600
 
3.16 
 
 
 
3.3 Activity Coefficient 
In this study, the Gibbs excess energy models were used to calculate fugacity or activity 
coefficients. The models used are UNIFAC, UNIQUAC and NRTL. 
 
3.3.1 UNIQUAC functional-group activity coefficients (UNIFAC) model 
For calculation of the activity coefficient using the UNIQUAC functional-group activity 
coefficients (UNIFAC) method the following equations were used (Fredenslund et al., 1975): 
 
𝑙𝑛𝛾𝑖 = 𝑙𝑛𝛾𝑖
𝐶 + 𝑙𝑛𝛾𝑖
𝑅 3.17 
𝑙𝑛𝛾𝑖
𝐶 = 1 − 𝐽𝑖 + 𝑙𝑛𝐽𝑖 − 5𝑞𝑖 (1 −
𝐽𝑖
𝐿𝑖
+ 𝑙𝑛
𝐽𝑖
𝐿𝑖
) 
3.18 
𝑙𝑛𝛾𝑖
𝑅 = 𝑞𝑖 [1 − ∑ (𝜃𝑘
𝛽𝑖𝑘
𝑠𝑘
− 𝑒𝑘𝑖𝑙𝑛
𝛽𝑖𝑘
𝑠𝑘
)
𝑘
] 
3.19 
𝑞𝑖 = ∑ 𝑣𝑘
(𝑖)
𝑄𝑘
𝑘
 
3.20 
𝜃𝑘 =
∑ 𝑥𝑖𝑞𝑖𝑒𝑘𝑖𝑖
∑ 𝑥𝑗𝑞𝑗𝑗
 
3.21 
 
Subgroup and interaction parameters are listed in tables 3-3 and 3-4 for sucrose, fructose and 
glucose (Magnussen et al., 1981). The use of the UNIFAC group contribution method showed 
good correlation of the data for  modelling gas hydrate inhibitors such as alcohol-alkane systems 
(Kontogeorgis et al., 2007), electrolytes (Moradi et al., 2013) and organic additives to natural gas 
systems (Gnanendran and Amin, 2004). 
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Table 3-3. Subgroup parameters for fructose, sucrose and glucose (Magnussen et al., 1981).  
subgroup ak bRk cQk 
CH2 2 0.6744 0.540 
CH 3 0.4469 0.228 
OH 5 1 1.2 
CHO 10 0.9980 0.948 
COO 41 1.3800 1.2 
H2O 7 0.92 1.4 
CO 8 0.7713 0.640 
 
a Subgroup number 
b Van der Waals volume subgroup 
c Van der Waals surface subgroup 
 
Table 3-4. Interaction parameters for sucrose, fructose and glucose (Magnussen et al., 1981). 
 CH2 CH OH CHO COO H2O CO 
CH2 0 0 986.5 677 387.1 1318 1565 
CH 0 0 986.5 677 387.1 1318 1565 
OH 156.4 156.4 0 -203.6 190.3 353.50 462.3 
CHO 505.70 505.70 529 0 -275.5 480.80 ------ 
COO 529 529 88.63 577.5 0 284.4 ------ 
H2O 300 300 -229.1 -116.1 -197.5 0 287.5 
CO 3000 3000 -106.5 ------- ------- -532.6 0 
 
 
 
3.3.2 UNIQUAC model 
The second method used for the calculation of activity coefficient is UNIversal QUAsi Chemical 
model (UNIQUAC) (Abrams and Prausnitz, 1975): 
 
𝑙𝑛𝛾𝑖 = 1 − ∅𝑖 + 𝑙𝑛∅𝑖 − 5𝑞𝑖(1 −
∅𝑖
𝜃𝑖
+ ln
∅𝑖
𝜃𝑖
) + 𝑞𝑖(1 − 𝑙𝑛𝑆𝑖 − ∑
𝑥𝑗𝜃𝑗𝜏𝑖,𝑗
𝑆𝑗
𝑗
) 
3.22 
 
Where S is dependent on the binary parameters of 𝜏𝑖,𝑗.  ∅ and 𝜃 are the volume and surface area 
parameters which are dependent on 𝑟𝑖 and 𝑞𝑖, respectively. The parameters are listed in table 3-5 
which are adopted from (Poling et al., 2001). 
 
Table 3-5. UNIQUAC parameters of 𝑟𝑖 and 𝑞𝑖 (Poling et al., 2001). 
 M (g/mol) 𝒓𝒊 𝒒𝒊 
Water 18.01528 0.92 1.4 
Sucrose 342.30 14.5586 13.764 
Fructose 180.16 8.1589 8.004 
Glucose 180.16 8.1558 7.92 
 
 
𝜏𝑖,𝑗 = exp (−
𝐴𝑖𝑗
𝑇
) 
 
 
3.23 
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Where, 𝐴𝑖𝑖 = 𝐴𝑗𝑗 = 0 and 𝐴𝑖𝑗 ≠ 𝐴𝑗𝑖. The values of the parameter 𝐴𝑖𝑗 are presented in table 3-6 
(Poling et al., 2001). 
 
Table 3-6. Parameters for the binary interaction energy (𝐴𝑖𝑗 (K)) for UNIQUAC (Poling et 
al., 2001). 
 Water Sucrose Fructose Glucose 
Water 0 -127.48 65.91 -124.81 
Sucrose 410 0 - - 
Fructose 48.58 - 0 - 
Glucose 380.87 - - 0 
 
 
UNIQUAC model is capable of good predictions of the hydrate phase data in the pressure and 
temperature ranges of (0 – 10) MPa and (273.15 – 373.15) K. It has been used in gas hydrate 
studies for phase behaviour prediction of the systems such as carbon capture studies (Darde et al., 
2010), organic inhibitors (Delavar and Haghtalab, 2015) and alcohols (Kondori et al., 2018). 
 
3.3.3 NRTL model 
The third method used in this study for calculation of liquid fugacity is the non-random two-liquid 
(NRTL) activity coefficient model of (Renon and Prausnitz, 1968): 
 
𝑔𝐸
𝑅𝑇
= 𝑥1𝑥2 [
𝐺21𝜏21
𝑥1 + 𝑥2𝐺21
+
𝐺12𝜏12
𝑥2 + 𝑥1𝐺12
] 
3.24 
𝑙𝑛𝛾1
𝐿 = 𝑥2
2 [𝜏21 (
𝐺21
𝑥1 + 𝑥2𝐺21
)
2
+
𝐺12𝜏12
𝑥2 + 𝑥1𝐺12
] 
3.25 
𝑙𝑛𝛾2
𝐿 = 𝑥1
2 [𝜏12 (
𝐺12
𝑥2 + 𝑥1𝐺12
)
2
+
𝐺21𝜏21
𝑥1 + 𝑥2𝐺21
] 
3.26 
𝐺12 = 𝑒𝑥𝑝(−𝛼𝜏12)       𝐺21 = 𝑒𝑥𝑝(−𝛼𝜏21) 3.27 
𝜏12 =
𝑏12
𝑅𝑇
                         𝜏21 =
𝑏21
𝑅𝑇
 3.28 
 
Where 𝛼, 𝑏21 and 𝑏12 are the dimensionless parameters of the model which are assumed to be 
independent of composition and temperature. These parameters are presented in table 3-7 (Nowak 
et al., 2009). In order to calculate the activity coefficient for a mixture of several compounds, the 
NRTL equation can be expanded as follows: 
 
𝑙𝑛𝛾𝑖 =
∑ 𝜏𝑗𝑖𝐺𝑗𝑖𝑥𝑗
𝑛
𝑗=1
∑ 𝐺𝑙𝑖𝑥𝑙
𝑛
𝑙=1
+ ∑
𝑥𝑗𝐺𝑖𝑗
∑ 𝐺𝑙𝑗𝑥𝑙
𝑛
𝑙=1
[𝜏𝑖𝑗 −
∑ 𝑥𝑟𝜏𝑟𝑗𝐺𝑟𝑗
𝑛
𝑟=1
∑ 𝐺𝑙𝑗𝑥𝑙
𝑛
𝑙=1
]
𝑛
𝑗=1
 
3.29 
 
Table 3-7. NRTL parameters for different sugar and water systems (Nowak et al., 2009). 
 Sucrose-water Glucose- Water Fructose-Water 
𝑏12 6710 3550 4300 
𝛼 0.384 0.409 0.420 
𝑏21 7860 6700 6920 
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Several research studies used the NRTL model which showed satisfactory results in the phase 
behaviour of thermodynamic inhibitors. These include the study of hydrate formation in ionic 
liquids (Keshavarz et al., 2013) electrolytes and inhibitors (Osfouri et al., 2015, Dehaghani and 
Badizad, 2016).  
 
3.4 Fugacity of water in the hydrate phase 
In this study, two different methods were used for calculating the fugacity of water in the hydrate 
phase, including the pressure of water in the empty hydrate lattice and chemical potential. Each 
model follows a theoretical and empirical basis which is listed below:  
 
𝑓𝑤
𝐻 = 𝑓𝑤
𝑀𝑇exp (
∆𝜇𝐻−𝑀𝑇
𝑅𝑇
) 
3.30 
𝑓𝑤
𝐻 = 𝑝𝑤
𝑀𝑇 [(1 + 𝐶𝑠𝑚𝑎𝑙𝑙𝑃)
−𝑣𝑠𝑚𝑎𝑙𝑙
′
+ (1 + 𝐶𝑙𝑎𝑟𝑔𝑒𝑃)
𝑣𝑙𝑎𝑟𝑔𝑒
′
] 
3.31 
 
R and T are the Universal gas constant and temperature, respectively. ∆𝜇𝐻−𝑀𝑇 represents the 
difference between the chemical potential of water in the hydrate phase and the empty hydrate 
lattice. The empty hydrate lattice is presented by  𝑓𝑤
𝑀𝑇. 𝑓𝑤
𝑀𝑇and  ∆𝜇𝐻−𝑀𝑇 are calculated as 
follows: 
 
𝑓𝑤
𝑀𝑇 = 𝑓𝑤
𝐿exp (
∆𝜇𝑀𝑇−𝐿
𝑅𝑇
) 
3.32 
∆𝜇𝑤
𝐻−𝑀𝑇 = 𝜇𝑤
𝐻 − 𝜇𝑤
𝑀𝑇 = 𝑅𝑇 ∑ ?̅?𝑚𝑙𝑛 [1 + ∑ 𝐶𝑗𝑚𝑓𝑗
𝑗
]
𝑚
 
3.33 
 
In the above equations 𝐶𝑗𝑚, 𝑓𝑗, ?̅?𝑚, and 𝑓𝑤
𝐿 show the Langmuir constant, fugacity of the gas 
component, number of cavities of each structure per molecule of water in the one hydrate cell 
(shown in table 3-8) inferring the interaction of gas-water in the cavity, and fugacity of pure water 
in liquid phase respectively (Eslamimanesh et al., 2011). 
 
Table 3-8. Cavity number of each structure per molecule of water in each hydrate cell 
(Eslamimanesh et al., 2011). 
Property Value 
 Structure I Structure II 
?̅?𝒔𝒎𝒂𝒍𝒍 1/23 2/17 
?̅?𝒍𝒂𝒓𝒈𝒆 3/23 1/17 
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Three approaches were followed to calculate the Langmuir constant to find the most suitable 
method. The cell potential approach, the empirical equations of Parrish and Prausnitz (Parrish and 
Prausnitz, 1972) and Munck and Rasmussen (Munck et al., 1988) are the basic models that were 
tested with different models in the comparative study. The calculation of the Langmuir constant 
is shown in the following section. 
 
3.4.1 The cell potential approach 
The cell potential approach was used to calculate the Langmuir constant numerically by 
employing a model for considering the interaction between water and gas molecules inside the 
cavities. 
 
𝐶𝑚𝑗(𝑇) =
4𝜋
𝐾𝑇
∫ 𝑒𝑥𝑝 [−
𝑤(𝑟)
𝐾𝑇
] 𝑟2𝑑𝑟
?̅?
2⁄
0
 
3.34 
 
Where w(r), K, r and R represent the potential function of the spherically symmetric cell and 
Boltzmann's constant, cell radius, and distance from the centre of the cavity, respectively. The 
Kihara potential (Kihara, 1953) was taken into account in the calculation of w(r). It is calculated 
as follows: 
 
𝑤𝑟 = 2𝑧 [
𝜎12
𝑅11𝑟
(𝛿10 +
𝑎
𝑅
𝛿11) −
𝜎6
𝑅5𝑟
(𝛿4 +
𝑎
𝑅
𝛿5)] 
3.35 
  
Where: 
 
𝛿?̅? =
1
𝑁
[1 −
𝑟
?̅?
−
𝑎
?̅?
]
−?̅?
− [1 +
𝑟
?̅?
−
𝑎
?̅?
]
−?̅?
 
3.36 
  
 
In the equations presented above, z, a, , 𝜎 and N denote the coordinate number, the radius of the 
spherical molecular core, characteristic energy, collision diameter and an integer (of either 4, 5,10 
or 11) respectively. Parameters for the Kihara potential are shown in table 3-9. The parameter 
optimisations of this work for different modelling approaches were done using the genetic 
algorithm procedure in MATLAB® software. 
 
Table 3-9. Parameters of Kihara potential for CO2. 
Components 𝒂 (𝑨𝟎) 𝜹 (𝑨𝟎) 𝜺/𝑲 (K) 
CO2 (optimized) 6.81 2.98 168.77 
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3.4.2 Empirical equation approach 
3.4.2.1 Empirical equation of (Parrish and Prausnitz, 1972) 
The second approach which used to calculate the Langmuir constant is the empirical equation of 
(Parrish and Prausnitz, 1972): 
𝐶𝑚𝑙(𝑇) = (
𝐴𝑚𝑙
𝑇
) exp (
𝐵𝑚𝑙
𝑇
) 
3.37 
 
𝐵𝑚𝑙and  𝐴𝑚𝑙 are parameters which are shown in table 3-10. 
 
Table 3-10. Langmuir constants is presented for various material (Parrish and Prausnitz, 
1972). 
Former  Value (K)  
 Structure I Structure II 
 Small Large Small Large 
 𝐴𝑚𝑙 𝐵𝑚𝑙 𝐴𝑚𝑙 𝐵𝑚𝑙 𝐴𝑚𝑙 𝐵𝑚𝑙 𝐴𝑚𝑙 𝐵𝑚𝑙 
CO2  1.2×10-3 2860.5 0.8507×10-2 3277.90 0.0 0.0 0.0 0.0 
 
 
3.4.2.2 Empirical equation of (Munck et al., 1988) 
The third approach is the empirical equation of (Munck et al., 1988). The parameters for 𝐴𝑚𝑙 and 
𝐵𝑚𝑙 are shown in table 3-11. 
 
Table 3-11. Langmuir constant via (Munck et al., 1988)’s parameters. 
Former Value(k) 
 Structure I Structure II 
 Small Large Small Large 
 𝐴𝑚𝑙 𝐵𝑚𝑙 𝐴𝑚𝑙 𝐵𝑚𝑙 𝐴𝑚𝑙 𝐵𝑚𝑙 𝐴𝑚𝑙 𝐵𝑚𝑙 
CO2 0.2474×10-3 3410 42.46×10-3 2813 0.0 0.0 0.0 0.0 
 
 
The difference in the chemical potential between the chemical potential of water in the empty 
hydrate lattice and the liquid phase is calculated via (Holder et al., 1980): 
 
∆𝜇𝑀𝑇−𝐿
𝑅𝑇
=
𝜇𝑤
𝑀𝑇(𝑇, 𝑃)
𝑅𝑇
−
𝜇𝑤
𝐿 (𝑇, 𝑃)
𝑅𝑇
=
∆𝜇𝑤
0
𝑅𝑇0
− ∫
∆ℎ𝑤
𝑀𝑇−𝐿
𝑅𝑇2
𝑑𝑇 + ∫
∆𝑣𝑤
𝑀𝑇−𝐿
𝑅𝑇
𝑑𝑝
𝑃
0
𝑇
𝑇0
 
3.38 
  
In the above equation 𝜇𝑤
𝑀𝑇 denotes the chemical potentials of the empty hydrate cavity, 𝜇𝑤
𝐿  shows 
the chemical potential of pure water in the liquid phase,  ∆𝜇𝑤
0  is the chemical potential difference 
between pure water in the ice phase and water in the empty hydrate cavity at 273.15 K. T0 and P 
are the absolute temperature related to the ice point and the equilibrium pressure. ∆𝑣𝑤
𝑀𝑇−𝐿 
represents the differences in volume between liquid water and the empty hydrate cavity. ∆ℎ𝑤
𝑀𝑇−𝐿 
is molar enthalpy difference between liquid water and the empty hydrate cavity. The enthalpy 
difference is calculated as follows: 
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∆ℎ𝑤
𝑀𝑇−𝐿 = ∆ℎ𝑤
0 + ∫ ∆𝐶𝑃𝑤𝑑𝑇
𝑇
𝑇0
 
3.39 
∆𝐶𝑃𝑤 = −38.12 + 0.141(𝑇 − 𝑇0) 3.40 
  
Where, ∆ℎ𝑤
0  is the difference of enthalpy between ice and empty hydrate cavity (at zero pressure 
and the ice point) and ∆𝐶𝑃𝑤 is the difference of the heat capacity between the pure liquid water 
and empty hydrate lattice. ∆𝐶𝑃𝑤 has a temperature-dependent relation. The equation below can 
be used to calculate the water fugacity in the hydrate phase. 
 
𝑓𝑤
𝐻 = 𝑃𝑤
𝑀𝑇 [(1 + 𝐶𝑠𝑚𝑎𝑙𝑙𝑃)
−?̅?𝑠𝑚𝑎𝑙𝑙 + (1 + 𝐶𝑙𝑎𝑟𝑔𝑒𝑃)
−?̅?𝑙𝑎𝑟𝑔𝑒
] 3.41 
 
in which, 𝑃𝑤
𝑀𝑇 refers to the pressure of water in the empty hydrate lattice. It can be calculated 
for SI and SII structures using the following equations (T is in K): 
 
𝑃𝑤
𝑀𝑇 = 0.1𝑒𝑥𝑝 (17.440 −
6003.925
𝑇
) 
3.42 
𝑃𝑤
𝑀𝑇 = 0.1𝑒𝑥𝑝 (7.332 −
6017.635
𝑇
) 
3.43 
 
Table 3-12. Thermodynamic properties of the structure I and II (Parrish and Prausnitz, 1972). 
Property Value Unit 
 Structure I Structure II  
∆ℎ𝑤
𝑀𝑇−𝐿 -4858 -5201 J. mol-1 
∆𝜇𝑤
0  1264 883 J. mol-1 
∆𝑣𝑤
𝑀𝑇−𝐿 4.6 5 cm3.mol-1 
 
 
3.5 Kinetic model 
The kinetics of hydrate formation is essential in understanding the feasibility of the concentration 
process. The initial temperature and pressure, stability region, water history and cooling degree 
are parameters that can affect the hydrate formation kinetics (Vysniauskas and Bishnoi, 1983).  
 
Using kinetic parameters, Vysniauskas and Bishnoi developed a semi-empirical kinetic model 
showing that water history increases the induction time (Vysniauskas and Bishnoi, 1983). In this 
study, known kinetic models designed by (Englezos et al., 1987) were utilised to determine the 
rate constant and hydrate formation rate. (Englezos et al., 1987) used crystalline and mass transfer 
theory showed that the consumption gas for hydrate formation depends on the rate of crystals 
growth (Englezos et al., 1987).  
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The theory of crystallisation (Englezos et al., 1987) is determined from the difference of the 
fugacity of the gas molecule in the vapour and hydrate phases. The hydrate formation rate depends 
on the mass transfer between the guest and water molecules and does not relate to the surface area 
of the solid particles (Englezos et al., 1987) (Skovborg and Rasmussen, 1994). As a result, there 
is no need to know the distribution of particle size in the process of hydrate formation.  
 
Research on the effects of several additives on hydrate formation kinetics is a different feature of 
the kinetic study which has been carried out in numerous studies (Mohammadi et al., 2014, 
Manteghian et al., 2013, Fazlali et al., 2013, Arjang et al., 2013, Partoon and Javanmardi, 2013, 
Kelland et al., 2013). Investigation of the hydrate formation rate of methane and nitrogen mixture 
in a one-litre reactor (CSTR) shows that the hydrate formation rate in a CSTR reactor is much 
higher than those in a closed reactor (Vysniauskas and Bishnoi, 1983). Therefore, the results of a 
semi-closed reactor may cause problems in the design of a continuous hydrate-forming reactor 
(Happel et al., 1994).  
 
According to (Englezos et al., 1987), hydrate formation consists of three steps. Steps one and two 
include the penetration of the gas into the liquid phase and then to the hydrate phase. The physical 
reaction of water and hydrate molecules in the hydrate phase is the final stage of hydrate 
formation. Some models consider the three steps collectively (Englezos et al., 1987), while others 
only consider the first two processes mentioned in (Khokhar et al., 1998, Skovborg and 
Rasmussen, 1994). The physical reaction between the gas and water for the formation of gas 
hydrates is defined as follows (Sloan Jr and Koh, 2007): 
 
𝐺𝑎𝑠 +  𝑀𝐻2𝑂 → 𝐺𝑎𝑠. 𝑀𝐻2𝑂 3.44 
 
M in the above equation is the hydration number that is displayed as the ratio of the number of 
water molecules to the number of gas molecules. In the event of blocking of cages, the only 
hydration value for sI, sII and sH is 23/4, 17/3 and 17/3. Hydration number, M, for sI is calculated 
using the equation (Sloan Jr and Koh, 2007): 
 
𝑀 =
46
6𝜃𝐿 + 2𝜃𝑆
 
3.45 
 
Where 𝜃 shows the occupancy of cages and indicators of S and L represents small and large 
cavities. The parameter 𝜃 can be defined: 
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𝜃𝑖 =
𝐶𝑖𝑓𝑔
1 + 𝐶𝑖𝑓𝑔
 
3.46 
 
Where 𝑓𝑔 is the fugacity of the gas in the vapour phase, and 𝐶𝑖 shows the fixed constant of 
Langmuir as previously defined. The ideal gas law is used to estimate gas consumption through 
the formation of hydrates (Smith et al., 2005): 
 
∆𝑛𝑔 =
𝑃0𝑉0
𝑍0𝑅𝑇0
−
𝑃𝑡𝑉𝑡
𝑍𝑡𝑅𝑇𝑡
 
3.47 
 
Where P, T, and V represent the pressure, temperature and volume of the gas inside the 
equilibrium cell. The elements '0' and 't' define the equilibrium conditions at time 0 and t. The 
compressibility factor is estimated using the PR EOS. The volume of gas inside the cell (𝑉𝑡) is 
calculated at the time t using the following equation (Mohammadi et al., 2014): 
 
𝑉𝑡 = 𝑉𝐶𝑒𝑙𝑙 − 𝑉𝑆0 + 𝑉𝑅𝑊𝑡 − 𝑉𝐻𝑡 3.48 
 
Where 𝑉𝑐𝑒𝑙𝑙 is the cell volume and 𝑉𝑆0 represents the initial volume of water injected. In this study, 
the volume of the cell is approximately 750 cm3, and the initial volume of water entering the cells 
at the beginning of the test is about 160 cm3. In Equation 3-47, 𝑉𝑅𝑊𝑡  and 𝑉𝐻𝑡 represent the volume 
reacted and hydrate volume at time t. The amount of water reacted at any time is calculated using 
the equation (Mohammadi et al., 2014): 
 
𝑉𝑅𝑊𝑡 = 𝑀 × ∆𝑛𝑔 × 𝑣𝑤
𝐿  3.49 
 
Where 𝑣𝑤
𝐿  shows the molar volume of water. The molar volume of the hydrate is calculated as 
follows (Mohammadi et al., 2014): 
 
𝑉𝐻𝑡 = 𝑀 × ∆𝑛𝑔 × 𝑣𝑤
𝑀𝑇 3.50 
 
The amount of gas consumed by gas hydrate formation is calculated according to the following 
equation (Mohammadi et al., 2014): 
 
𝑟(𝑡) =
𝑛𝑔,𝑖−1 − 𝑛𝑔,𝑖+1
(𝑡𝑖+1 − 𝑡𝑖−1)𝑛𝑤0
 
3.51 
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Where 𝑛𝑤0 denotes the initial number of water molecules in the aqueous phase, which is 
calculated using the initial volume of water (160 cm3 in this study) and the molecular volume of 
water. In equation 3-50, 𝑛𝑔,𝑖−1 and 𝑛𝑔,𝑖+1 define the number of gas molecules in the vapour phase 
at the time 𝑡 𝑖−1and 𝑡𝑖+1. Another parameter described in the model is 𝑘𝑎𝑝𝑝 (the constant of the 
reaction rate when hydrate formation), using the equation below (Englezos et al., 1987): 
 
𝐾𝑎𝑝𝑝 =
𝑟(𝑡)
𝑓𝑔 − 𝑓𝑒𝑞𝑢𝑖𝑏
 
3.52 
 
In Equation 3-51, 𝑓𝑒𝑞𝑢𝑖𝑏. is described as the gas fugacity at the hydration pressure (𝑃𝑒𝑞𝑢𝑖𝑏.) and 
the initial temperature conditions. 𝑓𝑒𝑞𝑢𝑖𝑏. can be calculated using the thermodynamic model to 
calculate the gas equilibrium conditions described in the previous sections. Storage capacity (SC) 
refers to the amount of gas stored in each hydrate volume at standard conditions which can be 
explained as follows: 
 
𝑆𝐶 =
𝑉𝑆𝑇𝑃
𝑉𝐻
=
∆𝑛𝑔𝑅𝑇𝑆𝑇𝑃/𝑃𝑆𝑇𝑃
𝑉𝐻
 
3.53 
 
Where STP stands for the standard temperature pressure conditions. The kinetic measurements in 
this study were performed on {CO2 + water} and {CO2 + sucrose + water} solutions. The 
parameters such as the rate constant, hydrate formation rate, induction time, gas consumption and 
storage capacity were determined for the systems {CO2 + water} and {CO2 + sucrose + water} 
using the abovementioned models. 
 
The induction time indicates the time required for the hydrate crystal to create a stable nucleus 
and grow to a significant size (Sloan Jr and Koh, 2007). The induction time is a function of surface 
level, cell volume, mixer speed, pressure and temperature, mass and heat transfer rates and gas 
consumption (Sloan Jr and Koh, 2007). 
 
During the formation of CO2 hydrates, three distinct stages can be determined. The first stage is 
the dissolution stage. During this period, some of the gas in the vapour phase is discharged at the 
gas-liquid level and dissolved in the water phase. During the induction period, carbon hydrate 
crystals are formed and decomposed until a nucleus is created and grows to a detectable size. The 
cloud point is the beginning of the growth stage, which corresponds to the last period. At the 
growth stage, CO2 molecules are encapsulated into the hydrate holes, and the system pressure is 
significantly reduced to a constant value. 
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The hydrate formation rate determined using equation 3.50. It is an indicator of the time required 
for the cavity to form and encapsulate the gas under the desired condition for the hydrate 
formation per initial mole of water.   
 
Equation 3.65 proposed by (Englezos et al., 1987) was used to estimate the intake of gas 
molecules during hydrate formation under different conditions of initial pressure and temperature. 
A summary of works done by various scholars on kinetic of CO2 + pure water system is provided 
in table 3-13. Induction time is a value that changes from equipment to equipment, and it is a 
function of several factors including cell volume, pressure, temperature, mixer speed and memory 
of the used water. The kinetic data of the literature are in the temperatures between (273.65 and 
283) K and pressures up to 4.50 MPa.  
 
Table 3-13. Summary of studies done on the kinetics of CO2 + water system. 
Cell 
volume 
(ml) 
Pressure 
(MPa) 
Temperature 
(K) 
Induction 
time 
(min) 
Mixer 
speed 
(rpm) 
Reference 
23.6 4.50 275.4 2600 No 
agitation 
(Zhang et al., 2004) 
150 2.06 
3.25 
275.6 
278.2 
75 
40 
500 (Sabil et al., 2010) 
500 3.55 274 - NA - - NA - (Kumar et al., 2013) 
35 5.00 279.3 60 - NA - (Lirio et al., 2013) 
450 3.44 283 <5 120 (Farhang et al., 
2014b) 
450 3.44 283 <5 120 (Farhang et al., 
2014a) 
460 
 
2.05 273.65 1 500 (Mohammadi et al., 
2014) 
169 3.80 278.15 73 10 (Mohammadi et al., 
2018) 
 
The hydrate forms on the gas-liquid interface and the larger surface area improve the nucleation. 
Furthermore, the hydrate formation is profoundly affected by the driving force and kinetic 
constant. In the event of no stirring, the gas-liquid interface remains intact. By contrast, stirring 
the gas-liquid mixture increases the gas-liquid interface dramatically, which consequently 
increases the rate of hydrate formation on the interface (Tajima, 2011). The literature data show 
that no agitation results in a long induction time (Zhang et al., 2004).  
 
Increases in the pressure causes a rise in the driving force of the system, and an improved tendency 
of the system to encapsulate the gas increases the rate of hydrate formation (Mohammadi et al., 
2014). The temperature rise shifts the hydrate boundary to a higher temperature zone, decreasing 
the driving force of the system (Sloan and Koh, 2008). From the factors affecting the kinetics of 
hydrate, the mixer speed is the most influential. The driving force is the second most crucial factor 
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affecting the induction time. As the cell volume increases, the solution volume is also increased 
in the same proportion which is the least important factor among the others.  
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Chapter 4: Review of experimental gas hydrate methods 
 
This chapter presents a literature review on the concentration of food juice using gas hydrate 
technology. The data published in the literature for the gas hydrate phase equilibria of sugar species 
include thermodynamic data with various formers and refrigerants. The equipment used for these 
measurements as well as other investigations of hydrate concentration of food solutions is provided. 
 
4.1 Overview  
The experimental methods for phase boundary measurements are divided into the dynamic methods 
which are distinguished by recirculation of phases and static methods with the closed equilibrium 
cells being their distinguishing feature (Richon, 1996, Richon and Loos, 2005). Another classification 
method divides the experimental techniques into the two major groups of visual, with the possibility 
to observe the experimental procedure (Hammerschmidt, 1934) and non-visual, which mainly depend 
on the measurements of thermo-physical properties of the systems studied (Makogon et al., 1996). 
The reader is referred to (Sloan and Koh, 2008) for further information on these classifications along 
with their pros and cons.  
 
The experimental apparatuses are designed and commissioned based on the experimental technique 
that has been implemented to measure the phase boundary. These include isothermal, isobaric and 
isochoric apparatuses. With the isothermal measurements, the hydrate dissociation condition is 
obtained via trial and error around the formation and dissociation points (Makogon et al., 1996). With 
the isobaric method, the temperature of the system is decreased at the constant pressure condition 
until the hydrate is formed. Thereafter, the temperature is increased to dissociate the crystals. The 
condition at which the last crystal has dissociated is considered as the hydrate dissociation point 
(Kobayashi and Katz, 1949). With the isochoric pressure search method, the volume of the cell is 
kept constant while the temperature is decreased. A sharp drop in the pressure of the system indicates 
that hydrate formation has started. The pressure drop is continued until the pressure is stable and no 
hydrate is formed. Thereafter, the temperature is increased until the last crystal has dissociated 
(Javanmardi et al., 2012).   
 
Due to the automatic measurement of the entire hydrate formation process and the possibility of 
performing the measurement overnight, the isochoric pressure search method (IPSM) apparatuses are 
preferred. The following research works report the successful use of this method (Belandria et al., 
2011, Chun and Lee, 1998, Andersen and Thomsen, 2009, Smith, 2015, Li et al., 2014, Javanmardi 
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et al., 2005). They were able to ensure good entrainment of gas within the hydrate. Furthermore, it 
does not require observation for hydrate formation which eliminates a source of uncertainty (Sloan Jr 
and Koh, 2007). The usual approach to measure phase equilibrium data is to use an indirect method 
which monitors pressure using the isochoric pressure-search method. The static apparatus for this 
method is classified as the high pressure “blind” autoclave cell. This type of hydrate apparatus is 
capable of measuring the hydrate phase equilibria and kinetic measurements at high pressures (Sloan 
and Koh, 2008). The basic apparatus for the static type of the hydrate equipment was commissioned 
by Deaton and Frost (Deaton and Frost, 1937). Several improvements have been performed on the 
hydrate equipment based on the IPSM. Some of these apparatuses include the withdrawal of samples 
from either the hydrate phase or the slurry (solution residue) (Purwanto et al., 2014, Park et al., 2011). 
The reader is referred to (Sloan and Koh, 2008) for detailed information on different apparatus and 
methods for hydrate phase studies. 
 
4.2 Fruit juice concentration via gas hydrate technology 
Studies on the effects of parameters such as the mixer speed and the formation of hydrate for a wide 
range of fruit juices (including apple, and orange juice), proteins and lipids show that carbohydrates, 
proteins and lipids are capable of forming gas hydrates. The use of trichlorofluoromethane (CCl3F) 
as the hydrate former showed that the hydrate is formed better at lower concentrations of the juice. 
By contrast, hydrate formation is scarce at higher concentrations (Huang et al., 1965).  
 
The results of high-pressure measurements (2.10 to 4.43 MPa) for the concentration of orange juice 
with ethylene gas show the ability of the technology in dehydration ratios of up to 99 % indicating 
the capacity of hydrate technology to concentrate juice (Li et al., 2014). Experiments on gas hydrate 
phase equilibria of tomato juice show its promotion effect on CO2 gas hydrate. Furthermore, CO2 gas 
hydrate is capable of concentrating tomato juice up to 63.2 % dehydration of the initial juice at 
pressures up to 4.0 MPa (Li et al., 2014). The improved concentration of the orange juice is achieved 
at higher pressures. It is proven that carbon dioxide gas hydrate can dehydrate orange juice by 57 % 
of initial juice at pressures up to 4.1 MPa (Li et al., 2015). Results from measurements of ethylene 
gas hydrate show the improved orange juice dehydration ratio of 92 % compared to that of carbon 
dioxide hydrate. This is because of the greater entrapment of gas molecules due to volume difference 
between ethylene and CO2 leading to more water molecules taking part in the formation of the 
hydrates (Li et al., 2017).  
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It was found that the use of xenon as the former gas has the potential to form and grow hydrate in 
coffee solutions. Additionally, performing experiments at lower pressures and higher temperatures 
can develop relatively larger crystals. The results indicate the requirement of relatively higher 
pressures for elevated concentrations of coffee solutions. This is due to the increased bubble point of 
the mixture as a result of more soluble solids in the highly concentrated mixture. The equipment used 
in the reported work was a static-view cell (Ya et al., 1998). The concentration of coffee juice up to 
14.7 wt. % via xenon gas hydrate in the temperature range of 275.15 to 283.15 K and a pressure range 
of 0.2 to 1.0 MPa showed that the induction time is affected directly by the concentration of the juice. 
The hydrate crystal size of the xenon gas is more prone to larger crystals at high temperatures and 
low pressures (Purwanto et al., 2001).  
 
In another study from this group, the design of a new high-pressure apparatus provided the ability to 
withdraw a sample of coffee solution at low concentrations. The 700 ml high-pressure cell was made 
of stainless steel housing a U-shaped polycarbonate mixing blade (Purwanto et al., 2014). It was also 
equipped with two viewing windows to monitor the reaction inside the cell. The coffee juice sampling 
studies were performed at the temperature and pressure of 282.13 K and 0.90 MPa, respectively. The 
experimental apparatus was fitted with three interconnected valves with a steel screen to withdraw 
the sample from coffee juice and filter the hydrate crystals at the same time.  The feature of having 
three valves enabled sampling in three steps with improved separation of the hydrate crystals from 
coffee solution. The mass of the withdrawn sample was recorded once after withdrawal from the cell 
and once it was oven-dried to calculate the concentration. Meshes with the sizes of 53, 75, and 150 
μm were tested. The results showed that the use of a smaller mesh is by far the most efficient in 
achieving better concentration results. This is due to the prevention of the small crystals from passing 
through the holes of the screen. Greater concentration efficiency is also achieved using a lower mixing 
rate. The three mixer speeds were tested, with of 100, 200, and 400 rpm. As the speed of the mixer 
increases, the crystal forms rapidly with a small size distribution, which decreases the separation. The 
same behaviour applies to a higher temperature with the ability to create larger crystals. However, 
due to the shift in the phase boundary to higher pressures, the driving force required increases in the 
case of high pressures. This method could only concentrate the juice by a negligible amount of 0.04 
oBrix (Purwanto et al., 2014). Figure 4-1 shows the schematic of the equipment used by (Purwanto et 
al., 2014). To the best of the author’s knowledge, no further work on this apparatus has been reported 
to date. 
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Figure 4-1. Schematic diagram of the apparatus used by (Purwanto et al., 2014). 
 
A summary of the experimental studies on fruit juice concentration using various hydrate formers is 
presented in table 4-1. It lists some information about the apparatuses used, operational conditions, 
the material of construction, and volume of the reactor. The mixer speed is also included in the case 
of availability. The experimental data mentioned in the literature were measured following the 
isochoric pressure method. 
 
Evaporation technology is a very well developed technique for industrial applications as opposed to 
hydrate technology. For process designs using traditional technologies economic feasibility studies 
and energy considerations can be performed quite straightforward. However, much more research is 
required to understand the technical constraints in gas hydrate separation, equipment design and 
scale-up. 
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Table 4-1. Review of the food juice concentration by gas hydrate technology following the isochoric pressure method. 
Reference Food juice Former gas T (K) P (MPa) Cinitial (oBrix) Vcell (ml) Mixer speed 
(rpm) 
Aim 
(Huang et al., 
1965) 
Apple 
Orange 
Sucrose 
D-glucose 
CCl3F 273.15 – 281.85 -NA- 10 - 40 
10 - 36 
5 - 50 
5 - 30 
700 3000 - 3500 Formation 
and 
dissociation 
(Ya et al., 1998) Coffee Xe 275.00 – 283.00 Up to 1.00 5.1 & 14.7 4.5 -NA- Crystal size 
distribution  
(Purwanto et al., 
2001) 
Coffee Xe 275.13 – 283.15 0.2 - 1.00 1.5 - 14.7 4.5 -NA- Crystal size 
distribution 
(Purwanto et al., 
2014) 
Coffee Xe 282.15 – 287.95 0.38 – 1.09 4.75 700 100 - 400 Sampling the 
juice 
(Li et al., 2014) Orange 
 
C2H4 275.95 – 276.75 2.10 – 4.43 -NA- 300 500 Kinetic 
measurement 
(Li et al., 2014) Tomato  CO2 275.80 1.81 - 3.95 -NA- 300 500 Kinetic 
measurement 
(Li et al., 2015) Orange CO2 274.80 - 279.80 
 
1.96 - 4.10  -NA- 300 500 Kinetic 
measurement 
(Li et al., 2017) Orange CO2,  
C2H4,  
C2H6 
274.80 - 283.30 
 
0.68 - 4.40  -NA- 300 500 Kinetic 
measurement 
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4.3 Hydrate studies on carbohydrate solutions 
Experimental studies show the inhibition behaviour of the carbohydrates of dextrose and sucrose on 
hydrogen sulphide gas hydrate. The presence of sugar content can decrease the maximum temperature 
at which H2S hydrate can form by 0.8 K (Bond and Russell, 1949). The comparative studies on the 
inhibition effects of the sucrose, glucose and lactic acid solutions on R22 gas hydrate show that the 
most significant inhibition effect results in the lactic acid solution. The experimental pressures were 
in the low-pressure range of 0.15 to 0.9 MPa (Chun and Lee, 1998). A similar inhibition effect of the 
sucrose, glucose, and fructose solutions were observed on the CO2 gas hydrate in a higher range of 
operating pressure compared to R22. It is also proven that the inhibition effect of the sugar species is 
equivalent to alcohols (Chun and Lee, 1999). The use of gases such as toxic refrigerants and hydrogen 
sulphide with food products should be avoided as some residue could remain in the food product. 
Therefore, while it is necessary to investigate the behaviour of the hydrate formation and dissociation 
conditions with alternate gases, the use of toxic gases is not recommended for food or fruit juice 
concentration studies. 
 
A limited number of studies focused on the potential of gas hydrate technology on the concentration 
of sugar cane juice. Due to the high-pressure condition of hydrate formation and a need for a large 
volume reactor, it is currently not a practical solution for implementation.  Furthermore, when 
considering the process economics, possibility of sugar loss is present via hydrate technology, but 
further investigations should be performed on the large volume reactors. Due to the low-temperature 
requirement for the hydrate formation and dissociation process, it has the potential to replace the 
conventional concentration methods for the heat-sensitive material (Andersen and Thomsen, 2009).  
 
The findings from the experimental study by (Andersen and Thomsen, 2009) confirms the 
concentration of sucrose up to 54 oBrix, which results in the removal of almost 90 % of its original 
water content.  However, the major part of the sugar was found to be in the hydrate phase. Though 
depending on the cell volume, it is possible to remove 50 out of 1200 gr water per litre of carbon 
dioxide at the pressure of 3.00 MPa. A process patent (SE-2000381) was registered by Nordic Sugar 
in 2009 but dropped afterwards due to the process incompatibility with sugar production. The initial 
juice samples were 5, 15, and 30 oBrix. Additional to the concentration tests, phase boundaries of the 
abovementioned solutions were measured with CO2 at temperatures between (276.29 and 280.60) K 
and pressures up to 3.40 MPa. Figure 4-2 shows the summary of the experimental data measured for 
the sucrose + CO2, which is taken from (Andersen and Thomsen, 2009).  
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Figure 4-2. Experimental data and modelling of the sucrose solution dissociation condition with 
CO2 gas hydrate;  Pure water (Andersen and Thomsen, 2009), × 5 oBrix (Andersen and Thomsen, 
2009),  15 oBrix (Andersen and Thomsen, 2009), □ 30 oBrix (Andersen and Thomsen, 2009),  20 
oBrix (Chun and Lee, 1999), ■ 30 oBrix (Chun and Lee, 1999). The figure is extracted from 
(Andersen and Thomsen, 2009). 
 
There is no information about the volume and structure of this equipment and only the mixing system 
was explained. It includes a magnetic ring inside the cell and a powerful magnetic ring outside the 
cell. The internal ring consisted of 12 powerful magnets which were coated with polysulfone to 
prevent water penetration into the magnets. The outside ring moved horizontally to induce magnetic 
field and provide agitation required for hydrate formation. Additional to the high-pressure units that 
were required for the sugar production by hydrate technology, there was a possibility of sugar loss 
due to the sticky nature of the sugar solution. The actual amount of sugar loss was not reported 
(Andersen and Thomsen, 2009).  
 
The available studies mostly focused on the inhibition effect and phase equilibria of the carbohydrates 
namely, D-glucose, fructose and sucrose in the presence of several gases including methane, propane, 
carbon dioxide and refrigerant gases. The results indicated that glucose shows higher inhibition effect 
(Carbone et al., 2012, Smith et al., 2016, Tan et al., 2014). The findings from phase equilibria studies 
with refrigerants showed that the phase boundary is in the lower pressure range compared to that of 
carbon dioxide, which is an exciting discovery for the process economics point of view. However, 
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due to the toxic nature of most of the refrigerants, it is necessary to be cautious in the use of these 
chemicals for food processing and consumption. Figure 4-3 shows the schematic diagram of the 
equipment used for hydrate dissociation measurement, which lacks the capabilities of sample 
withdrawal. The highest pressure required for the phase equilibria of refrigerant gas hydrates (R410a, 
R507 and R134a) with sucrose solution at temperatures up to 289.15 K was 0.90 MPa (Smith et al., 
2016). The cell used by (Smith et al., 2016) is one of several units used for hydrate phase equilibrium 
dissociation measurements in the Thermodynamics Research Unit.  The reader is referred to the work 
of (Ilani-Kashkouli et al., 2016, Ngema et al., 2014a, Ngema et al., 2014b, Smith et al., 2016, Hashemi 
et al., 2015, Babaee et al., 2016, Hashemi et al., 2014, Tumba et al., 2013) for further details about 
the hydrate apparatus. The apparatus used by this research team and several other groups consist of 
an equilibrium stainless steel cell equipment with agitation. The cell is immersed in a water bath 
maintained at an isothermal environment using a temperature bath controller. For the nature of the 
experiments, a programmable bath controller is preferred since this allows one to set a temperature 
program for heating and cooling during the experimental procedure. The auxiliary units consist of 
temperature and pressure sensors, vacuum pump, power supply system for mixing mechanism 
sometimes gas analysis, valves, fittings lines etc. 
 
 
Figure 4-3. Schematic diagram of the experimental setup. B, isothermal liquid bath; BC, liquid 
temperature controller; C, refrigerant gas cylinder; CF, cold finger; DA, data acquisition unit; EQ, 
isochoric pressure equilibrium cell; IB, impeller blades; MG, mechanical gears; MJ, mechanical 
jack; Pt1, temperature probe; Pt2, temperature probe; PT, pressure transducer; S, overhead 
mechanical stirrer; V1, vacuum valve; V2, gas valve; V3, vent valve; V4, loading valve; V5, inlet 
valve; V6, drain valve; VP, vacuum pump. Adapted from (Smith et al., 2016). 
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Most of the available research in the literature focused on developing equipment for either phase 
equilibria or kinetics measurements. Only two studies attempted to withdraw samples from the juice. 
The use of various formers was tested to find the phase stability region. The studies proved the 
inhibition behaviour of food and carbohydrate juices.  However, the phase boundary of refrigerants 
is below 1.00 MPa, which is considered relatively low. 
 
Additional to the studies performed in this group there are other applications and equipment for 
hydrate based measurements. These include the equipment developed for food juice concentration 
(Purwanto et al., 2014), CO2 capture (Li et al., 2009), desalination (Kang et al., 2014, Tohidi et al., 
1995), kinetic studies of organic chemicals (Stoporev et al., 2018) and nano-particles (Mohammadi 
et al., 2014, Arjang et al., 2013), natural gas purification (Warrier et al., 2018) etc.  
 
Desalination studies via gas hydrate started by developing equipment to study the effect different 
hydrate formers in 1960s and 1970s which led to development of the laboratory scale plants. 
However, due to the difficulties in crystal separation, the technologies were not commercialised 
(Knox et al., 1961, Barduhn et al., 1962, Barduhn, 1968). There have been recent successful efforts 
with optimisations required in chemical compatibilities and crystal separation techniques 
(McCormack and Andersen, 1995, McCormack and Niblock, 1998, McCormack and Niblock, 2000). 
The reader is referred to the reference of (Park et al., 2011) for further information on equipment 
development and separation studies. 
 
Hydrate based CO2 capture is a fairly new process with a considerable amount of industrial and 
academic interest. The studies on this technology was initiated by the phase equilibrium 
measurements (Duc et al., 2007, Kamath, 1984) and developed into the study of mechanical 
techniques to implement this technology industrially. The use of thermodynamic promotors such as 
tetrahydrofuran (Linga et al., 2007), tetra-n-butyl ammonium bromide (Shimada et al., 2003) 
improved the kinetic conditions and decreased the operating pressure. Recent advances propose the 
use of silica gels as it eliminates the need for energy intensive agitation by its reactive mechanism 
with water molecules (Kang et al., 2013). The reader is referred to (Dashti et al., 2015) for the 
extensive information on the experimental efforts to develop apparatus and separation techniques.  
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Chapter 5: Equipment description and experimental method 
 
Engineering design is based on accurate modelling which relies on accurate empirical data (Richon, 
2009). Therefore, the data collected from empirical studies is a valuable source of information that is 
reliable only if the methods and equipment used for its collection are accurate. The static and non-
visual isochoric method was selected using a pressure cell equipped with a magnetic stirrer for this 
study. Another static isochoric method equipment with a 750 ml reactor volume and two viewing 
windows was commissioned.  Among the existing static methods, the isochoric method is more 
beneficial as the entire process is done automatically and allows for measurements to be made 
overnight. Moreover, this method does not depend on the visual observation of hydrate formation, 
and thus eliminates this source of uncertainty. In this research study, different components were used 
from the literature to synthesise the new reactor cell. The new apparatus needed to be developed in a 
fashion such that withdrawal of the sample did not interfere with the equilibrium condition, requiring 
a larger reactor volume. Phase data must be obtained at the equilibrium condition. Sample withdrawal 
disturbs the thermodynamic equilibrium. Hence the cell volume must be large enough to overcome 
the problem of equilibrium disturbance after sample withdrawal. Details of the equipment design and 
operation of the two equipment are presented.  
 
5.1 Isochoric pressure cell (dissociation measurements) 
A high-pressure equilibrium cell reported in previous studies was used for the laboratory hydrate 
measurements (Smith et al., 2016). The unit includes a stainless steel (SS 316L) equilibrium cell 
(approximately 64 cm3), an agitation mechanism, temperature-regulated liquid bath (43 cm x 35 cm 
26 cm), programmable temperature controller (Grant 200), two 100 Ω platinum resistance 
thermometers (Pt100) probes (WIKA; 1/10 DIN), a pressure transmitter (WIKA; P-10; 10 MPa) with 
an accuracy of 0.1% of full scale, data acquisition unit (DAU) of LXI Agilent 34972A model, a 
desktop computer to log the data, a chilling unit (Thermo Scientific EK20 Immersion Cooler), two-
stage vacuum pump (RV3 Edwards), SS316 feed lines, fittings, valves, etc. The schematic diagram 
of the experimental set-up is displayed in Figure 5-1. The equilibrium cell has an internal diameter of 
45 mm and a height of 40 mm, with an approximate internal volume of 64 cm3. Due to the 
displacement of the magnetic stirrer inside the cell, the working volume is approximately 53 cm3. At 
the top of the cell, an O-ring was located in the groove between the upper flange and the cell. The top 
flange is connected to the cell using 6 x 10 mm SS 316L screws. The total thickness of the flange is 
5 mm.  
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Three holes, each with a diameter of 8 mm, were drilled into the upper flange. The first hole, located 
on the upper right side of the cell, was used to fill and discharge the cell contents. The second hole, 
located on the top left of the cell, was used to connect an SS 316L tube of 1/16” to a pressure 
transmitter. The third hole that was located next to the flange was used to place the temperature probe. 
Two 8 mm holes were drilled into the flange at the bottom of the cell to place a Pt-100 at the bottom 
of the equilibrium cell in the first hole and to discharge the cell contents via a Swagelok valve using 
the second hole. 
 
The agitation system in this equipment includes the Heidolph RZR 2041 overhead stirrer which 
rotates the shaft from the top of the cell, a small magnet located inside a SS 316L shaft, a four-blade 
stirrer and an external magnet made of neodymium to introduce the magnetic field.  
 
 
 
Figure 5-1. Schematic diagram of equipment which used in this study, the equipment layout, 
there is way below: A, CO2 gas; B, Vacuum Pump; C, Chiller; D, Feed line; E, Vent line; F, 
Reactor; G, Vent line; H, Pressure Transducer; I, Pt.100 Prop; J, Programmable Temperature; K, 
Temperature Bath; L, Mechanical jack; M, Mechanical Stirrer; N, DAU (Data Acquisition Unit); 
O, PC. 
 
5.2 New equipment (concentration studies) 
In this project, a new hydrate cell was designed and commissioned in the Thermodynamics Research 
Unit (TRU). The new hydrate reactor was designed for the formation of hydrated crystals in sugar 
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solutions with an improved agitation system. Further, it was necessary to remove a sample of a 
concentrated solution for analysis. The new design includes a 750 ml SS 316L equilibrium cell with 
two polycarbonate viewing windows, an agitation system, liquid bath and frame, programmable 
temperature controller (Grant 200X), two Pt 100 temperature probes (accuracy of 0.05 K), a pressure 
sensor (WIKA; P-10, accuracy of 0.05 %), an overhead stirrer (Maxon motor), DAU (LXI Agilent 
34972A), a chilling unit (Thermo Scientific EK20 Immersion Cooler), an electrical jack, and a 
vacuum pump (RV3 Edward). The new agitation setting was connected to a gearbox. An overview 
of the layout of the cell and picture are displayed in figures 5-2 and 5-3, respectively.  
 
 
Figure 5-2. Schematic diagram of the equipment commissioned in this study, the equipment 
layout consists of A, CO2 gas; B, Vacuum Pump; C, CO2 valve; D, Filling valve; E, Vacuum 
Valve; F, Filling Valve; G, Inlet Valve; H, Pressure Transducer; I, Pt.100 probe; J, Programmable 
Temperature; K, Sampling Valve; L, Bath; M, Mixing shaft; N, Drain Valve; O, Automatic Jack, 
P. Agitator, Q. Housing for windows, R. DAU (Data Acquisition Unit), S. PC. 
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Figure 5-3. Photograph of the experimental apparatus. 
 
5.2.1 Hydrate cell design 
The unit comprises a 750 ml SS 316L vessel with two polycarbonate windows for viewing of the cell 
contents. A large volume is necessary to provide the ability to produce sufficient liquid for withdrawal 
after hydrate formation. This equipment includes a SS 316L bath with a window to view the contents 
and the hydrate formation inside the cell. The windows are polycarbonate disks with a diameter of 
64.5 mm and thickness of 10 mm to withstand the higher operating pressures.  
 
The internal diameter of the vessel is 75 mm, with an average thickness of 0.9 mm. Polyurethane O-
rings helped with sealing between the windows and the cell body. Similarly, two SS 316L flanges 
provided the seal at the top and bottom. The position of the windows was not centred rather positioned 
towards the bottom of the cell to view the cell contents during hydrate measurements. The cell was 
housed in a thermo-regulated bath with two viewing windows. The bath dimensions are 43 × 35 × 26 
cm  1.9 cm and is also insulated using compressed foam made out of polystyrene. The bath is filled 
with the ethylene glycol solution diluted by water to 50 – 50 volumetric fraction, which is capable of 
working in the range of -10 to 20 oC. An automated electrical jack is used to move the water bath up 
and down. The cell body is fixed to the SS 316L frame. 
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The pressure is measured using a transmitter which is connected to DAU. The pressure transmitter 
(WIKA; P-10; 8 MPa) is connected to the vessel using a 1/16” SS 316L line. Two temperature sensors 
(Pt100, class Aa) are also connected to the DAU. A programmable temperature controller (Grant 
200X) is used for controlling the temperature inside the bath. The solution is filled to the cell through 
1/8” SS 316L tube entering from the top flange of the cell. The fluid is drained using a series of 
arrangements of valves located in the bottom flange. All valves and fittings used are SS 316L 
(purchased from Swagelok) and rated for 175 bar, and 170 o C. Figure 5-4 shows the schematic 
diagram and partial picture of the experimental apparatus. Figure 5-5 shows a drawing of the cell for 
the top and windows flange.  
 
 
Figure 5-4. Schematic diagram of a) the equilibrium vessel with housing for the windows b) 
photograph of the cell body. 
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a) 
 
b) 
 
c) 
Figure 5-5. Drawing of the cell body: a) top flange and viewing windows flange, b) cell body 
front view, c) top flange with the grove and bolt locations  
(3-D drawings drawn in Autodesk Inventor by Dr Nelson, 2017). 
 
5.2.2 Agitation system 
A Maxon motor is attached to the gearbox to aid stirring of the cell contents. The design of the gearbox 
and use of three different sized gears enables three speeds by 1, 1/2 and 1/3 of the motor speed 
providing the ability to mix in the speeds between (80-2000 rpm). Figure 5-6 shows the overhead 
stirring motor and the gears connected to the internal stirring rod with magnetic housing. 
 
44 
 
 
Figure 5-6. An overhead stirrer and designated three-speed gearbox. 
 
The gears are connected to a stainless steel rod, which is attached to a stirring mechanism. The stirring 
mechanism consists of two arrangements of magnets with four strong Neodymium magnets outside 
the cell in the housing and four strong magnets inside the cell in the stirring mechanism to generate a 
powerful magnetic field. The outside arrangement is placed inside a stainless steel cover (housing) 
sealed with an O-ring to make sure there is no liquid from either condensation or liquid from the bath 
entering the housing. A ball bearing with the ID of 6 mm, OD of 19 mm and thickness of 6 mm is 
placed on the SS rod to decrease friction. Four magnets are placed inside the housing located on the 
top flange. There is a thrust bearing placed at the bottom of the stainless steel magnetic housing to 
improve the smoothness of the magnetic rotation.  
 
The stirrer paddle is manufactured from SS 316L with a <1 mm gap between the stirrer paddle and 
inner wall of the cell to avoid crystal formation on the vessel walls. The bottom of the stirrer is 
perforated to allow the crystals to pass through the holes during mixing. With the new design of the 
mixing blade, the blade length was increased up to a very close point from the bottom flange to 
improve mixing in the liquid phase. Figure 5-7 shows a photograph of the stirring mechanism and 
stirring blade connected to the top flange inside the equilibrium cell. 
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Figure 5-7. Photograph of the internal stirring mechanism. 
 
5.2.3 Sampling withdrawal mechanism 
In the bottom flange, a sintered mesh crimp is positioned to allow sampling of the concentrated 
solution. A valve stem is positioned to minimise the dead volume in these spaces. When the hydrate 
conditions are achieved (as known from phase equilibrium data and kinetic measurements), the valve 
is opened to allow the concentrated solution to pass through the mesh. Mesh sizes of 10, 20, 38 and 
45 microns were tested to determine the appropriate sizes. These mesh screens were purchased locally 
from “Allied Mesh and Filters” and discs were cut from the mesh screens. The problem of being able 
to achieve a good separation between the crystals and the slurry were encountered by (Andersen and 
Thomsen, 2009). Hence, the withdrawal mechanism was adapted from (Purwanto et al., 2014) and 
modified. Initially, a small SS disc with four bolts was designed to hold the mesh in place. Due to 
space and displacement, this design was changed. The design of the bottom flange is shown in figure 
5-8. 
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Figure 5-8. Initial drawings of the bottom flange and housing for the screen (3-D drawings drawn 
in Autodesk Inventor by Dr Nelson, 2017). 
 
A crimp was designed and manufactured consisting of two delicate rings with a very small space (<10 
𝜇m) between them. This allowed the mesh to be held tightly. A groove is machined outside the crimp 
to screw it to the housing located in the bottom flange. Figure 5-9 shows the drawing of the bottom 
flange and housing for the screen. Figure 5-10 shows the manufactured crimp and the crimp placed 
in the housing inside the bottom flange. 
 
 
Figure 5-9. Drawing of the bottom flange and housing for the screen (3-D drawings drawn in 
Autodesk Inventor by Dr Nelson, 2017). 
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Figure 5-10. The sampling screen configuration [left]: manufactured crimp and mesh, [right]: the 
crimp screwed into the bottom flange. 
 
With the revised design, it was not necessary to include filters in the withdrawal lines (as performed 
by (Purwanto et al., 2014)). Therefore, by opening the bottom valve, the fluid passed through the 
space within the discharge line. Initially, it was attempted to use a small Hamilton syringe connected 
via 1/4” tubing to the outlet into which the sample would fill, once the valve was opened. However, 
with the withdrawal of the sample at higher pressures this was not successful. 
 
With the improved design, the needle valve (Swagelok sampling valve) on the discharge line was 
extended to the outside of the bath such that the valve stem could be opened. The feature of this 
extension is to open the bottom flange valve from the top side while the cell is submerged to the 
thermo-regulated bath. This configuration allows withdrawing a sample without interfering the 
equilibrium condition (i.e. raising the cell out of the bath). A 1/8” line was added to the needle valve 
using a reducer (1/4” to 1/8”) and extended to the top flange for the ease of sampling. The far end of 
the line was connected to an SS 316L Swagelok valve rated for 175 bar and 170 o C.  
 
5.3 Preparation of the equilibrium cell for measurements 
Before starting the measurements, the equilibrium cell and all connection lines should be cleaned and 
washed with distilled water (deionised directly from Q5 Ultrapure (MilliporeTM)) so that the effect 
of any contamination on the measurement is eliminated. Then, using high-pressure nitrogen, the water 
inside the cell was drained via the discharge valve. The cell and connecting lines were then evacuated 
to 0.00039 MPa for 30 minutes to remove air and any volatile compounds in the cell using the vacuum 
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pump. Leak test, pressure transducer calibration, temperature probe calibration and sample 
preparation are part of the preparation procedure. 
 
5.3.1 Leak test 
The leak test was performed after connecting all the lines and connections in the setup. The 
equilibrium cell was filled with nitrogen to 4.00 MPa to perform the leak test. The temperature was 
then maintained at 40 o C to eliminate the effect of temperature fluctuations. The leak rate was 
determined over 24 hours. A leak detection fluid (Snoop®) was used on all connections and fittings. 
A leak is determined by the presence of bubbles around the joints as a result of the exiting gas from 
the point of attachment. Another test was performed to detect any leakage in the system in which the 
equilibrium cell was evacuated for 15 minutes at 0.00039 MPa. After that, the pressure is recorded, 
and an increase in cell pressure indicates a potential leak in the system. With the newly designed 
equilibrium cell, another leakage testing method involved submerging the cell into a clear bath of 
water while pressurised to detect any small bubbles released through the fittings.  
 
5.3.2 Pressure calibration 
The standard pressure calibration device CPH 6000 (from WIKA) was used to calibrate the 
transducer. During the calibration of the pressure transmitter, the temperature of the equilibrium cell 
was maintained at 298.15 K. The pressure calibration was carried out at a pressure range of 0.35 to 
7.00 MPa. For this purpose, the nitrogen was loaded into the cell and left for calibration. After 
pressure stabilisation, pressure reading was recorded from the pressure transducer and the standard 
pressure gauge. For each point, data was collected for three minutes and then averaged. The same 
procedure was repeated for every pressure. The pressure reading was recorded and a first-order 
polynomial was regressed to the pressure recordings. The relationship between the standard device 
reading and the pressure transmitter (WIKA; P-10) is presented in figure 5-11. The standard deviation 
of the standard pressure is shown in figure 5-12. The maximum deviation of the pressure from the 
standard pressure is 1.0 kPa. The pressure calibrations were checked after a period to verify that the 
readings were unaltered. 
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Figure 5-11. Calibration of the pressure transducer (0.00 -7.00 MPa). 
 
 
Figure 5-12. Deviation from standard pressure. 
 
5.3.3 Temperature calibration 
The precision of the standard temperature calibration unit (WIKA 2018; personal communication) is 
0.03 K for the temperature range of 73.15 to 473.15 K. During the calibration of the temperature 
sensors, the temperature reading from the probe and the standard probes were recorded 
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simultaneously. The temperature calibration was carried out in the range of (263.15 to 298.15) K. For 
each point, the temperature was read for 3 minutes and then averaged. A first-order polynomial was 
fitted to the points measured, as shown in figure 5-13. The deviation from the standard temperature 
reading is plotted in Figure 5-14. The maximum temperature deviation from the standard probe is 
0.018 K. The temperature calibrations were checked after a period to verify that the readings were 
unaltered. 
 
 
Figure 5-13. Calibration of the Pt-100 probes used in this study, -- probe 1 (top), … probe 2 
(bottom) 
 
 
Figure 5-14. Deviation from the standard temperature,  probe 1 (top), ○ probe 2 (bottom). 
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5.3.4 Sample preparation 
Samples and mixtures were prepared using an OHAUS AV 114 digital scale. The scale has a full 
uncertainty of ± 0.01 g. First, the mass of the empty beaker was weighed. Then, the substance (several 
sugars) mass was measured. The required amount of water was then added slowly with a syringe until 
the substance was completely dissolved in aqueous solution.  
 
5.4 Operating procedure for the isochoric pressure cell 
5.4.1 Start-up procedure – Loading of equilibrium cell 
Once the cell was cleaned the vacuum pump was used to evacuate the cell to 0.0002 MPa for ± 5 
minutes. The inlet valve was closed. The solution was then introduced into the cell. CO2 gas was 
filled to set pressure.  
 
5.4.2 Thermodynamic hydrate measurements 
The thermodynamic measurements were performed on the apparatus with the 64 ml equilibrium cell. 
Once the gas was filled to the desired pressure and temperature stabilised, the mixer was turned on 
and set to the optimum mixing speed depending on the solution concentration. When the gas was 
completely dissolved into the solution, and the pressure of the system was stabilised, the temperature 
controller was programmed to 10 degrees below the hydrate dissociation temperature. For the 
measurements, the temperature slowly was dropped at 1 K.h-1 to make sure that the hydrate was 
formed with good separation.  
 
This method is known as a cooling curve. There are two distinct slopes in the cooling curve. A small 
pressure drop characterises the first slope. This pressure drop indicates the occurrence of the 
nucleation process so that pressure change is mainly a function of temperature change. In the event 
of a severe drop in pressure, the temperature will decrease further. The hydrate formation and 
dissociation processes are shown in figure 5-15. 
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Figure 5-15. Primary cooling and heating curves for hydrate formation and dissociation in the 
isochoric method for CO2+ 20 oBrix sucrose solution (this study). 
 
After the hydrate was formed, the temperature was increased gradually. Initially, large increments (1 
K) were set, however as the system approached the dissolution point 0.1 K increments were set. At 
any temperature increment, the system was kept for 1-1.5 hours to reach the equilibrium. The point 
at which the heating curve intersects the cooling curve is known as the hydrate dissociation point. 
 
5.4.3 Kinetic measurements 
The kinetic measurements were performed using the 750 ml reactor. Prior to measurements, the cell 
was washed with either distilled water or deionised water. Then, the cell was evacuated for about 30 
minutes using a vacuum pump. Thereafter, approximately 160 ml of solution was introduced into the 
cell using a valve at the top of the cell. The evacuation was repeated for a short time (about 1 minute) 
to remove any introduced air. Afterwards, the cell is placed in the thermo-regulated bath to obtain the 
thermal equilibrium. After the temperature of the cell was stabilised, the gas was slowly transmitted 
to the cell to a pressure within the hydrate stability zone. After pressurising the cell, and the mixer 
was started at 200 rpm for the kinetic measurements with CO2. Due to the formation of hydrate inside 
the cell by encapsulation of the former molecules, the pressure is reduced. After the kinetic data was 
measured, the DAU was changed to manual mode and shut down, and the stirrer was switched off. 
The drain valve opened to discharge the contents of the cell.  
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5.5 Sampling procedure 
The sampling procedure follows the same method as in the kinetic measurements until the hydrate 
formation. Thereafter the sampling valve was opened slowly. Closing and opening of the valve should 
be performed meticulously and carefully to avoid damaging the valve stem tip. The sample was 
withdrawn into a 10 ml plastic syringe (conventional) whilst the plunger was pulled out. It was 
important to open the valve slowly to avoid a quick pressure build-up which would have caused the 
plunger in the syringe to blow off, resulting in spillage of the sample. For every test, three samples 
were taken after 15 minutes intervals to assess the reproducibility of the solution concentrations 
results. The samples were analysed using the refractive index (Anton Paar; DMA 5000; expanded 
uncertainty of 0.001 g/ml) and pH meter (Thermo Scientific, Orion 3 star, expanded uncertainty of 
0.03). 
 
Approximately 1-2 ml of sample solution was withdrawn. The mesh size should not exceed 26 
microns to eliminate introducing the crystals into the withdrawn sample. However, the use of a mesh 
is to make sure that the large nuclides of hydrate are not removed along with the sample. There are 
crystals smaller than 26 μm which can potentially affect the solution concentration.  
 
For the mesh size larger than 26 microns the final concentration was highly affected with time, but 
for the smaller mesh size, the concentration was the same ( 0.01 oBrix). With the smaller mesh 
screens, there is a slight possibility of the presence of hydrate crystals, but the volume of the crystals 
is very small to affect the final concentration. To avoid this (formation of small crystal sizes) a slow 
cooling rate also good stirring rate aids in large crystal formation which was observed visually. It was 
important to perform this measurement well with good stirring rate, cooling rate, and mesh size. 
Experiments were repeated to obtain accurate results.  
 
5.6 NIST uncertainty analysis  
The result of a measured variable is only complete when accompanied by a statement of its 
uncertainty (Taylor and Kuyatt, 1994). Measurement uncertainty is described with an interval around 
a set of measured data so that if a data point is repeated, the result must be declared within the interval. 
 
5.6.1 Uncertainty estimation 
It is very important to report all possible sources of uncertainty before providing the main 
measurement data. When there is more than one source of uncertainty, overall uncertainty is 
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combined as standard uncertainty. In this report, uncertainty was transmitted per the NIST guidelines 
for uncertainty reporting. 
 
𝑢𝑐(𝑥) = √∑ 𝑢𝑖(𝑥)
2
𝑖
 
5.1 
 
Type A uncertainty for the temperature and pressure caused by reading multiple transducers for a 
stable system, while type B uncertainty is the polynomial to calibration as well as the specifications 
of each manufacturer. Therefore, the combined standard uncertainty for a particular variable x, which 
may be temperature or pressure, is shown by the equation: 
 
𝑢𝑐(𝑥) = √𝑢𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡(𝑥)
2 + 𝑢𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛(𝑥)
2 + 𝑢𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑥)
2 
5.2 
 
The upper and lower uncertainty limitation of temperature calibration was defined from first-order 
polynomials. From these constraints, there is a possible rectangular distribution in which there is a 
100% probability of uncertainty of calibration over time. The rectangular distribution is given by the 
following equations: 
𝑢𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛(𝑥) =
𝑏
√3
 
5.3 
𝑢𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡(𝑥) =
𝑏
√3
 
5.4 
 
Which 
 
𝑏 = (
𝑎+ 𝑎−
2
) 
5.5 
 
During the experiment, the probable temperature fluctuations were due to inadequate fluid circulation 
in the bath and the heat loss to the environment. Also, the fluctuations in temperature or pressure were 
due to the manufacturer's error. The repeatability uncertainty was determined as follows: 
 
𝑢𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑥) = (
1
𝑛(𝑛 − 1)
∑(𝑥𝑖,𝑘 − ?̅?𝑖)
2
𝑛
𝑘=1
)
0.5
 
5.6 
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Where 
 
?̅?𝑖 =
1
𝑛
∑ 𝑥𝑖,𝑘
𝑛
𝑘=1
 
5.7 
 
5.6.2 Reporting uncertainty 
Uncertainty may be recognised as a mixed standard uncertainty or covering factor. Covering factor 
plays an important role in demonstrating the confidence level of measurements with increasing 
uncertainty for k> 1. In this report k = 2 with a confidence level of 95 %. 
𝑈(𝑥) = 𝑘𝑢𝑐(𝑥) 5.8 
 
The reported uncertainties for the measured variables in this study are presented in Chapter 6. 
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Chapter 6: Results and Discussion 
 
This chapter presents the experimental results of the hydrate phase equilibria for the test systems of 
sucrose and fructose solutions in the presence of carbon dioxide. The experimental test measurements 
were performed to confirm that the apparatus was suitable and to validate the experimental technique. 
Novel phase equilibrium data for the systems of sucrose and fructose solutions are presented together 
with appropriate thermodynamic modelling approaches.  
 
The new equipment commissioned in this project was used to measure kinetic data and concentration 
measurements. New experimental kinetic results of the sucrose solution were generated. 
Concentration measurements on sucrose solutions and sugarcane juice were undertaken, and the 
results are presented. The first step of the hydrate experiments used a 12 oBrix feed solution and was 
carried out in stage-wise manner. The feed mixture for the proceeding hydrate experiment was the 
resulting value of the concentrated product from the previous experiment. Measurements continued 
until no hydrate was formed.  The design and commissioning of the new experimental apparatus 
provided the ability of direct examination of the actual solution residue. Successful results have been 
achieved for the concentration of the sugar cane juice from 12 up to 60 oBrix. A comparison of the 
energy usage in the concentration of the sugar cane juice via current multi-effect evaporation as 
performed in factories, against the hydrate concentration results are presented.  A discussion of the 
possible implementation of hydrate concentration to replace a multi-effect stage is also reported.  
 
6.1 Materials 
For the measurements in this study, sucrose (C12H22O11, CAS no. 57-50-1, purity 99 wt.%) and 
fructose (C6H12O6, CAS no. 57-48-7, purity 99 wt.%) were purchased from Sigma Aldrich. Carbon 
dioxide (CO2, CAS no. 124-38-9, purity 99.9 wt.%) gas was used as the hydrate former gas. The 
deionised water with an electrical resistivity of 18 MΩ·cm was obtained from the laboratories and 
was produced by Direct-Q5 Ultrapure Water Systems (MilliporeTM). The properties and specifications 
of the chemicals are listed in table 6-1. Solutions were prepared using an accurate balance (Ohaus 
Explorer; maximum and minimum capacity of 6100 and 0.01 g respectively, and an uncertainty of 
±0.001 g). 
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Table 6-1. Specifications of the chemicals used in this study. 
Compound Formula CAS 
number 
Purity (wt.%) Supplier 
Carbon dioxide CO2 124-38-9 99.9 AFROX Ltd 
Sucrose C12H22O11 57-50-1 99 SIGMA ALDRICH 
Fructose C6H12O6 57-48-7 99 SIGMA ALDRICH 
Water  H2O 7732-18-5 99 Laboratory 
 
 
6.2 Calibrations of pressure and temperature sensors 
The calibration of pressure and temperature sensors (presented in Chapter 5) was done by comparing 
the experimental values against the values reported by the calibration standards. The expanded 
uncertainties (using a coverage factor of k = 2) on average for temperature and pressure are U(T) = 
0.1 K and U(P) = 0.01 MPa, respectively. The estimates used for the calculation of uncertainties of 
the mass composition are provided in table 6-2.  
 
Table 6-2. Standard uncertainty estimates and influences for the variables reported in this work. 
Source of uncertainty Estimate  Distribution 
Mass balance uncertainty 0.003 g Rectangular  
V of injected liquid from the syringe 2.0 % Rectangular 
Liquid density of solutions 1.0 % Rectangular 
Repeatability (average of max-min) fructose and sucrose 0.04 Rectangular 
 
A coverage factor of k = 2 was used to estimate the expanded uncertainty, giving a confidence level 
of 95 %. The expanded uncertainties for the mass fraction of the fructose and sucrose solutions are 
listed in table 6-3. 
 
Table 6-3. The expanded uncertainty associated with the solution preparation of this work. 
solution concentration (oBrix) U(x) 
sucrose 
1 0.006 
0.008 
0.011 
0.012 
0.013 
20 
30 
35 
40 
fructose 
15 0.007 
0.011 30 
 
6.3 Test Systems 
In this study, test data points were measured for the gas hydrate dissociation condition of {CO2 + 
water}, {CO2 + sucrose (20 and 30 oBrix) + water} and {CO2 + fructose (30 oBrix) + water} systems 
to validate the experimental methods used and validation of the equipment presented in chapter five. 
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6.3.1 CO2 + water system 
For the test system of CO2 + water, measured data were compared against literature data. Table 6-4 
presents experimental data for test system of CO2 + water, and figure 6-1 provides the graphical view 
of the measured data against the literature. There is a good comparison of the data measured in this 
study against the reported data in the literature and the measured results confirm the calibrations of 
the sensors in the equipment. 
 
 
Table 6-4. Experimental hydrate dissociation conditions for the test system of CO2 +water. 
Temperature (K) Pressure (MPa) 
276.6 
277.5 
280.0 
280.2 
280.6 
281.9 
282.6 
1.80 
1.98 
2.77 
2.88 
3.04 
3.60 
3.92 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
 
Figure 6-1. Experimental data for the CO2 + water system. , measured experimental data (this 
work); , (Wendland et al., 1999); , (Seo et al., 2001); , (Fan and Guo, 1999); , (Andersen and 
Thomsen, 2009); ×, (Maekawa, 2011); and , (Smith et al., 2016). 
 
6.3.2 CO2 + sucrose + water system 
For the test system of {sucrose + water and CO2}, hydrate dissociation conditions were measured at 
two different concentrations of sucrose, viz., 0.2 and 0.3 mass fraction. The dissociation conditions 
for CO2 hydrates were measured in the temperature range of (275.3 to 280.6) K and pressure ranging 
1.5
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from (1.94 to 4.01) MPa. The measured results are shown in figure 6-2. There is good agreement 
between the measured and literature data. The consistency between the measured and literature data 
confirms the experimental technique. The experimental data are listed in table 6-5. 
 
 Table 6-5. Experimental hydrate dissociation conditions for the test system of CO2 + sucrose + 
water. 
Composition of sucrose solution (oBrix) Temperature (K) Pressure (MPa) 
20 276.4 
279.5 
280.4 
281.4 
2.00 
3.10 
3.45 
4.10 
30 275.3 
276.4 
277.1 
278.3 
279.2 
280.1 
280.6 
1.94 
2.23 
2.37 
2.89 
3.24 
3.67 
4.01 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
 
Figure 6-2. Experimental data for the CO2 + sucrose + water system. ▲,  measured experimental 
data in 20 oBrix sucrose (this work); , 20 oBrix sucrose (Chun and Lee, 1999); , 20 oBrix sucrose 
(Smith et al., 2016);, measured experimental data in 30 oBrix sucrose (this work); , 30 oBrix 
sucrose (Andersen and Thomsen, 2009) ; ×, 30 oBrix sucrose (Chun and Lee, 1999). 
6.3.3 CO2 + fructose + water system 
For the test system of fructose solutions (0.3 mass fraction fructose), the results did not show a good 
match with the literature data (Chun and Lee, 1999). To validate the data measured in this work, the 
points were repeated 2-3 times with two different experimental apparatus for each pressure and the 
results from successive measurements in this study overlapped. One can conclude that there seems to 
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be an error in the data reported in the literature (Chun and Lee, 1999), which could possibly be 
attributed to a mistake in the reported concentrations of the solutions or an error in experimental 
measurement. Experimental data for this system are listed in table 6-6 and presented in figure 6-3. 
 
Table 6-6. Experimental hydrate dissociation conditions for the test system of CO2 + fructose + 
water. 
Composition of fructose solution (oBrix) Temperature (K) Pressure (MPa) 
30 274.3 
275.2 
275.8 
276.9 
277.8 
278.8 
278.9 
1.93 
2.18 
2.30 
2.76 
3.09 
3.65 
3.69 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
 
Figure 6-3. Experimental data for CO2 + fructose (30 oBrix) + water system., measured 
experimental data (this work); , (Chun and Lee, 1999). 
 
6.4 Modelling and data treatment 
The description of the thermodynamic models used in correlating hydrate dissociation data was 
presented in chapter 3. Table 6-5 presents a list of thermodynamic modelling approaches.  A 
combination of a Langmuir constant method (or Kihara potential function), an activity coefficient 
model in the liquid phase and a fugacity approach in the hydrate phase is required to couple with the 
solid solution theory of Van der Waals – Platteeuw to form a framework. To find the most appropriate 
data fit among the different available possibilities, 18 model variations were tested. The average 
absolute relative deviation (AARD (𝜃) %) was used to obtain the statistical analysis which was 
calculated as : 
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𝐴𝐴𝑅𝐷(?̅?)% = 100 ×
1
𝑁𝑝
∑
|?̅?𝑒𝑥𝑝 − ?̅?𝑐𝑎𝑙𝑐|
?̅?𝑒𝑥𝑝
𝑁𝑝
1
 
6.1 
?̅? represents the measured variable (pressure), subscripts exp and calc refer to the experimental and 
calculated values and Np denotes the number of experimental data points. The model approaches used 
in this study is provided in table 6-7. 
 
Table 6-7. A summary of the thermodynamic model approaches used in this study. 
Gas-liquid interaction Activity coefficient in the liquid 
phase 
Fugacity in the hydrate 
phase 
Kihara potential (K-P) 
(Kihara, 1953) 
Parrish – Prausnitz (P-P) 
(Parrish and Prausnitz, 
1972) 
Munck-Skjold-Rasmussen 
(M-S-R) (Munck et al., 
1988) 
- UNIQUAC (Abrams and 
Prausnitz, 1975) 
- UNIFAC (Fredenslund et al., 
1975) 
- NRTL (Renon and Prausnitz, 
1968) 
Chemical potential (C-P) 
(Mohammadi et al., 2005) 
Empty hydrate (E-H) 
(Mohammadi and Richon, 
2008) 
 
The K-P method calculated the Langmuir constant numerically by employing a model for considering 
the interaction between water and gas molecules inside the cavities which were explained in section 
3.3.1. The P-P and M-S-R approaches are classified as empirical approaches for Langmuir constant 
calculation which were explained in detail in section 3.3.2. The UNIQUAC, UNIFAC, and NRTL 
activity coefficient models were utilised to calculate the activity coefficient in the liquid phase. The 
models were explained in section 3.3 of the theory chapter. With the UNIQUAC model, the energy 
interaction parameter of Aij was optimised. With the NRTL activity coefficient model, three 
parameters of bij, bji and α were optimised for each system using the genetic algorithm (GA tools) 
following the predefined objective function using a MATLAB® code. The C-P and E-H methods were 
utilised to calculate the fugacity of water in the hydrate phase which was explained in section 3.2 in 
detail. The modelling flowchart is shown in figure 6-4. In the algorithm, the weight function of 10-5 
was used.  
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Figure 6-4. Flow chart of the algorithm used in the pressure calculation method. 
 
Based on the model results of several model combination for each system, the most suitable 
correlation and model fit are presented. Some optimised parameters for UNIQUAC and NRTL are 
listed in Tables 6-8 and 6-9, respectively. 
 
Table 6-8. Optimised binary energy interaction parameter, Aij, for the UNIQUAC model. 
𝑨𝒊𝒋 (𝑱/𝒎𝒐𝒍) Water Sucrose Fructose Glucose 
Water 0 -130 64.5 -128.81 
Sucrose 390 0 ---- ---- 
Fructose 47.5 ---- 0 ---- 
Glucose 350.75 ---- ---- 0 
 
 
 
 
Flash calculations with Aspen Plus® 
set initial guess for P 
Estimate Langmuir constant for the assumed structure at 
temperature, T using equation (3-33) or (3-36) 
calculate 𝑓𝑤
𝐿, at the given T and P  using equations  (3- 12) or (3-
13) depending on the calculation method 
calculate 𝑓𝑤
𝐻, at the given T and P using 
equations  (3- 29) or (3-30) depending on the 
calculation method 
calculate the error: 
𝑒𝑟𝑟𝑜𝑟 =  
𝑓𝑤
𝐻 − 𝑓𝑤
𝐿
𝑓𝑤
𝐻
 
if error < 10-6 
save P 
P = P + P × weight function 
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Table 6-9. Optimised binary parameters of the NRTL model for sugar–water systems. 
 Sucrose-water Glucose - water Fructose-water 
𝒃𝟏𝟐 (𝑱/𝒎𝒐𝒍) 6710 3550 4300 
𝒃𝟐𝟏 (𝑱/𝒎𝒐𝒍) 7800 6600.99 6500 
𝜶 0.370 0.382 0.420 
 
 
6.5 New systems 
This section presents the novel hydrate phase equilibria data for sucrose solution at concentrations of 
35 and 40 oBrix, and fructose solution with the concentration of 15 oBrix in the presence of carbon 
dioxide. The experimental data for the sucrose solution were measured at the temperatures and 
pressures between (275 - 280.5) K and (1.94 - 4.30) MPa, respectively. The experimental data of the 
fructose solution were measured at the temperatures and pressures between (276 - 281) K and (1.93 
- 3.73) MPa, respectively. 
 
6.5.1 CO2 + sucrose + water system 
A list of the systems studied along with the temperature and pressure ranges are presented in Table 
6-10. New data were measured for CO2 + sucrose (35 and 40 oBrix) + water systems. Each system 
was modelled via all possible model combinations presented in section 6.4 by fitting parameters using 
a MATLAB® code. The model errors as determined in equation (6-1) assisted in determining the most 
suitable model fit. The tuned parameters were presented in chapter 3. Figures 6-5 shows the measured 
data in this study with the most suitable modelling result. Increasing the concentration of sucrose 
solutions shifts the dissociation pressure boundary to elevated values, indicating an inhibition effect, 
compared to the system of CO2 + water. It was not possible to perform measurements with solutions 
greater than 40 oBrix. For higher concentrations of sucrose, due to the viscous nature of the residue 
in the solid-liquid-vapour equilibrium (SLVE) condition, the rate of the mixer should increase (up to 
2000 rpm), and it requires a powerful chiller for cooling. The activity coefficient model takes into 
account the deviations from ideal solutions due to the presence of an impurity in the liquid phase. In 
addition to the assumptions from pure CO2 + water system, the excess Gibbs energy models were 
included in the modelling for the liquid phase activity coefficient.  
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Table 6-10. Experimental hydrate dissociation conditions for the system of CO2 + sucrose + water. 
Composition of sucrose solution (oBrix) Temperature (K) Pressure (MPa) 
35 276.0 
277.3 
278.7 
279.7 
280.0 
280.0 
280.3 
2.30 
2.70 
3.15 
3.74 
3.95 
3.98 
4.10 
40 275.2 
276.2 
277.3 
278.3 
279.1 
2.27 
2.60 
3.00 
3.54 
4.01 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
 
Figure 6-5. Experimental data and modelling results for the CO2 + sucrose + water system. , measured 
experimental data for water + CO2 (this work); ▲, measured experimental data in 20 oBrix sucrose (this 
work) ; , 20 oBrix sucrose (Chun and Lee, 1999); , 20 oBrix sucrose (Smith et al., 2016);, measured 
experimental data 30 oBrix sucrose (this work); , 30 oBrix sucrose (Andersen and Thomsen, 2009); ×, 
30 oBrix sucrose (Chun and Lee, 1999); , measured experimental data in 35 oBrix sucrose (this work); 
■, measured experimental data in 40 oBrix sucrose (this work) ,--- model. 
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6.5.2 CO2 + fructose + water system 
Some test and new data points were generated for the CO2 + fructose + water system. Each system 
was modelled via all possible model combinations. The models show a good correlation of the 
experimental data. There is good consistency between the literature and measured data. Figure 6-6 
shows measured data, literature data, and modelling of the CO2 + fructose + water system. The tuned 
parameters were presented in chapter 3. The experimental data are presented in table 6-11. 
 
Figure 6-6. Experimental data and modelling results for the CO2 + fructose + water system. , 
measured experimental data for water + CO2 (this work);, measured experimental data in 15 oBrix 
fructose (this work); , 20 oBrix fructose (Chun and Lee, 1999); , measured experimental data in 30 
oBrix fructose (this work); , 30 oBrix fructose (Chun and Lee, 1999) ,--- model. 
 
Table 6-11. New experimental hydrate dissociation conditions for the CO2 + fructose + water 
system. 
Composition of fructose solution (oBrix) Temperature (K) Pressure (MPa) 
15 276.4 
277.8 
279.0 
280.8 
2.06 
2.48 
2.91 
3.73 
 
U(P) = 0.01 MPa, U(T) = 0.1 K 
 
6.5.3 Statistical analysis of the modelling approaches  
The deviation of the experimental data from the calculated model was determined using equation 
(6.1). The model with the lowest AARD for the system at all concentrations is presented in table 6-
12. The reader is referred to Appendix A for more information on the comparative modelling results.  
 
 
Table 6-12. The models with the lowest AARD for the system at all concentrations. 
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System Selected model AARD (P) % 
CO2 + water K-P + C-P 0.03 
CO2 + sucrose + water M-S-R + NRTL + C-P 0.96 
CO2 + fructose + water M-S-R + UNIFAC + C-P 0.75 
 
The lowest AARD for the CO2 + water system was obtained using the combination of K-P approach 
and C-P. The lowest AARD for the systems including sugar contents was obtained using the 
combination of M-S-R and C-P while for the sucrose system the NRTL activity coefficient model 
showed better representation of the experimental data while the UNIFAC group contribution model 
has the lowest error for the fructose system.  
 
6.6 Kinetic result for hydrate formation of CO2 + sucrose + water system 
The kinetic studies involved determining the rate constant, rate, gas consumption and storage capacity 
of gas hydrate formation. The theory of crystallisation (Englezos et al., 1987) is based on calculating 
the difference between the fugacity of the gas species in the vapour phase and hydrate phase, which 
is the driving force for hydrate formation of gas hydrates, as explained in chapter 3. The effect of 
sucrose on hydrate formation rate constant, rate, storage capacity, and gas consumption were studied. 
The experimental measurements were performed in a 750 cm3 high-pressure equilibrium cell. For the 
kinetic measurements, the effect of initial pressure and temperature on the induction time, the rate of 
formation of carbon dioxide hydrates, the apparent reaction velocity constant, storage capacity and 
the conversion of water-to-hydrate during the formation of gas hydrate were investigated. The kinetic 
experiments were performed at initial temperatures of (275.15, 275.65 and 276.15) K and initial 
pressures of (2.70, 2.90, 3.00 and 3.10) MPa. The kinetic results for the CO2 + water system in terms 
of the parameters as mentioned earlier are presented in Appendix A. The equations and method used 
in determining these parameters were presented in section 3.5. The sections below report the results 
for the CO2 + sucrose + water systems. 
 
6.6.1 Induction time and effect of initial temperature and initial pressure  
Experimental measurements were carried out at a constant temperature of 275.65 K and an initial 
pressure of 2.70, 2.90 and 3.10 MPa, to investigate the effect of primary pressure on hydrate formation 
for the CO2 + sucrose + water system. Figure 6-7 shows a schematic diagram of the driving force for 
hydrate formation. The larger arrow length indicates the larger associated driving force. The higher 
the pressure difference, the greater the driving force at a set temperature. 
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Figure 6-7. The driving force for the CO2+ 40 oBrix sucrose + water between the initial pressure 
conditions ( ) and CO2 hydrate equilibrium line (solid line) at a constant temperature of 275.65 
K. 
 
Tables 6-13 and 6-14 show that the initial temperatures, initial pressures and induction time. All 
measurements were repeated twice to ensure that the reported results were reproducible and accurate. 
The average of the measured times is reported in the table at the given pressure. 
 
Table 6-13. Induction time (tin) for CO2 + sucrose + water system at constant temperature (275.65 
K) and different pressures (2.70, 2.90 and 3.10 MPa). 
 CO2 + oBrix sucrose solution P (MPa) tin average (min) 
 2.70  
12  18.21 
20   18.36 
30  22.19 
35   24.25 
 2.90  
12  14.22 
20   15.34 
30  19.45 
35   20.49 
 3.10  
12  12.43 
20   14.15 
30  14.47 
35   16.57 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
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Table 6-14. Induction time (tin) for the CO2 + sucrose + water system at constant pressure (3.00 
MPa) and different temperatures (275.15, 276.15 K). 
CO2 + oBrix sucrose solution T (K) tin average (min) 
 275.15  
12  11.19 
20   12.54 
30  14.14 
35   14.54 
 276.15  
12  12.36 
20   13.88 
30  14.44 
35   16.55 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
The results in the tables above, show an increase in the induction time, as the temperature and sucrose 
mass fraction increases. This increase is in accordance with the expected trends from the 
thermodynamic point of view as it is an inhibitor hence, adding more sucrose to the mixture increases 
the inhibition effect. This shifts the hydrate phase boundary to higher pressures compared to the 
system with pure water. Furthermore, the results showed that sucrose is a kinetic inhibitor. 
 
 Figure 6-8 shows the variations of pressure during the formation of CO2 + 12 oBrix sucrose+ water 
at an initial temperature of 275.65 K and with different initial pressures of 2.70, 2.90 and 3.10 MPa. 
As mentioned in chapter 3, during the formation of hydrates, three regions can be determined: 1) 
dissolution stage, 2) induction period, and 3) growth stage. In the first step, some CO2 gas in the 
vapour phase is dissolved in the sucrose solution. During the second period or induction period, 
hydrated crystals form a cluster and decompose until a nucleus is created and grow to a recognisable 
size.  
 
During crystal growth, CO2 molecules are trapped inside the hydrated cavities, and the system 
pressure is significantly reduced to reach a constant value. As shown in Figure 6-8 and Table 6-13, 
the induction time for the formation of clathrate hydrates for the CO2 + 12 oBrix sucrose + water 
system at a constant temperature of 275.65 K and an initial pressure of 2.70, 2.90 and 3.10 MPa is 
18, 14 and 12 minutes, respectively. To design a hydrated economic process, initial temperature and 
pressure conditions with short induction times are considered. As shown in Figure 6-8, when the 
pressure is increased from 2.70 MPa to 3.10 MPa, the induction time decreases. The minimum 
induction time between these three conditions corresponds to the initial pressure and the temperature 
of 3.10 MPa and 275.65 K, respectively. 
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Figure 6-8. Hydrate kinetic measurements of the CO2 + sucrose (12 oBrix) + water system at the 
temperature of 275.65 K and different pressures of: …2.70, --- 2.90, and __3.10 MPa. 
 
Figure 6-9 shows the effect of the initial temperature on clathrate hydrates for the CO2 + 0.12 mass 
fraction sucrose + water system, at a constant pressure of 3.00 MPa and at varying initial temperatures 
of 275.15 K and 276.15 K. As shown in figure 6-9, as the temperature increases from 275.15 K to 
276.15 K, the duration of induction increases. As showed in table 6-12, the induction time for 275.15 
K and 276.15 K were 11 and 12 minutes, respectively.  
 
 
Figure 6-9. Hydrate kinetic measurements of the CO2 + sucrose (12 oBrix) + water system at a 
constant pressure of 3.00 MPa and temperatures of: --- 275.15 and ___ 276.15 K. 
 
Figure 6-10 presents the kinetics of hydrate formation using a pressure vs time axes. On the results 
of induction time at a constant temperature of 275.65 K and different pressures 2.70, 2.90 and 3.10 
MPa, the higher the pressure, the lower the induction time. The results also show that as the 
concentration of the sucrose content increases the induction time increases. While at the constant 
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pressure of 3.00 MPa and different temperatures of 275.15 and 276.15 K, it can be concluded that the 
higher temperature has a higher induction time.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 6-10. Induction time for the CO2 + sucrose + water system. a, c and e: for different 
concentrations of sucrose solution (20, 30, and 35 oBrix) respectively, at a constant temperature 
of 275.65 K and pressures (…2.70, --- 2.90 and __3.10 MPa). b, d and f: for different 
concentrations of sucrose solution (20, 30, and 35 oBrix) respectively, at pressure of 3.00 MPa 
and temperatures (…275.15 and __276.15 K). 
 
2.00
2.30
2.60
2.90
3.20
3.50
0 20 40 60 80 100
P
/ 
M
P
a
Time / min
2.00
2.30
2.60
2.90
3.20
0 20 40 60 80 100
P
/ 
M
P
a
Time / min
2.00
2.30
2.60
2.90
3.20
3.50
0 20 40 60 80 100 120
P
/ 
M
P
a
Time / min
2.00
2.30
2.60
2.90
3.20
0 20 40 60 80 100 120
P
/ 
M
P
a
Time / min
2.30
2.50
2.70
2.90
3.10
3.30
0 20 40 60 80 100
P
/ 
M
P
a
Time /min
2.20
2.40
2.60
2.80
3.00
3.20
0 20 40 60 80 100
P
/M
P
a
Time/ min
71 
 
6.6.2 Gas consumption for CO2 + sucrose + water system 
Figures 6-11 and 6-12 show the gas consumption for CO2 + 12 oBrix sucrose + water. By increasing 
the initial pressure, the CO2 consumed increases significantly. As shown in figure 6-11 the CO2 
consumption increases by 5 mmole/mole with an increase of 0.40 MPa in initial pressure. As shown 
in figure 6-12 the amount of CO2 consumed decreases to 2.34 mmole/mole by increasing the initial 
temperature by 1 K. 
 
 
Figure 6-11. Gas consumption of CO2 for hydrate formation of the CO2 + sucrose (12 oBrix) + 
water system at constant temperature of 275.65 K and different pressures of: …2.70, --- 2.90, and 
__3.10 MPa. 
 
Figure 6-12. Gas consumption of CO2 for hydrate formation of the CO2+ sucrose (12 oBrix) + 
water system at a constant pressure of 3.00 MPa and different temperatures of: …275.15 and 
___276.15 K. 
 
Figure 6-13 presents the gas consumption of CO2 at different concentrations of sucrose at a constant 
temperature of 275.15 K and different pressures of 2.70, 2.90 and 3.10 MPa. In figure 6-13 (a, c and 
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e), by increasing the initial pressure by 0.40 MPa, the gas consumption increases by 1.8, 1.44 and 1.5 
mmole/mole, respectively. However, in figure 6-13 (b, d and f), by increasing the temperature from 
275.15 to 276.15 K, the gas consumption decreases by 0.8, 0.6 and 0.4 mmole/mole, respectively.  
  
 
 
  
    
 
Figure 6-13. Gas consumption for the CO2 + sucrose + water system. a, c and e: for different 
concentrations of sucrose solution (20, 30, and 35 oBrix) respectively, at a constant temperature of 
275.65 K and pressures (… 2.70, --- 2.90 and __3.10 MPa). b, d and f: for different concentrations 
of sucrose solution (20, 30, and 35 oBrix) respectively, at a pressure of 3.00 MPa and temperatures 
(… 275.15 and ___276.15 K). 
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6.6.3 Storage capacity (SC) for CO2 + sucrose + water system 
As shown in figures 6-14 and 6-15, for CO2 + 12 oBrix sucrose + water system, by increasing the 
initial pressure at a constant temperature the storage capacity (SC) increases. The increase in the SC 
is not significant. Figure 6-14 presents the SC for two different temperatures of 275.15 and 276.15 K 
at a constant pressure of 3.00 MPa which by increasing the temperature, shows a decrease in the SC.  
 
 
Figure 6-14. The storage capacity for hydrate formation of the CO2+ sucrose (12 oBrix) + water 
system at a constant temperature of 275.65 K and different pressures of: …2.70, --- 2.90, and __3.10 
MPa. 
 
 
Figure 6-15. The storage capacity for hydrate formation of the CO2+ sucrose (12 oBrix) + water 
system at the constant pressure of 3.00 MPa and different temperatures of: …275.15 and ___276.15 
K. 
 
The effect of pressure variation at a constant temperature of 276.15 K as well as the variation of 
temperature at a constant pressure of 3.00 MPa on the SC of sucrose is shown in figure 6.16. By 
increasing the pressure (by 0.40 MPa) at constant temperature, the SC increases by 20 units at most. 
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At constant pressure of 3.00 MPa by increasing the temperature from 275.15 to 276.15 K, the SC 
decreases by seven units at most.  
    
 
  
   
Figure 6-16. SC for the CO2 + sucrose + water system. a, c and e: for different concentrations of 
sucrose solution (20, 30, and 35 oBrix) respectively, at a constant temperature of 275.65 K and 
pressures (…2.70, --- 2.90 and __3.10 MPa). b, d and f: for different concentrations of sucrose 
solution (20, 30, and 35 oBrix) respectively, at a pressure of 3.00 MPa and temperatures 
(…275.15 and ___276.15 K). 
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6.6.4 Hydrate formation rate (HFR) for the CO2 + sucrose + water system 
Figure 6-17 presents the HFR for the CO2 + 12 oBrix + water system and figure 6-18 presents HFR 
at constant pressure with two different temperatures of 275.15 and 276.15 K. The changes in 
conditions shows very slight differences whether for a change in pressure (constant T) or change in 
temperature (constant P). After the experiments started, an initial decrease in the system pressure was 
recorded until it stopped for a while followed by the second pressure decrease. The first area is the 
induction time for each experiment of which the concept was explained in chapter 3. The indicated 
peaks in the figures show the change of HFR at different time intervals. Due to the proximity of 
induction times and the recorded HFR, the graphs for each plot is fairly indistinguishable.  
 
 
Figure 6-17. Hydrate formation rate for the CO2 + sucrose (12 oBrix) + water system at a constant 
temperature of 275.65 K and different pressures of: …2.70, --- 2.90, and __3.10 MPa. 
 
 
Figure 6-18. Hydrate formation rate for the CO2 + sucrose (12 oBrix) + water system at a constant 
pressure of 3.00 MPa and different temperatures of: …275.15 and ___276.15 K. 
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Figure 6-19 shows the HFR for different concentrations of sucrose (20, 30, and 35 oBrix) at a constant 
temperature of 275.65 K and different pressures of 2.70, 2.90 and 3.10 MPa as well as at a constant 
pressure of 3.00 MPa at different temperatures of 275.15 and 276.15 K.  
 
 
 
 
 
 
 
Figure 6-19. Hydrate formation rate for the CO2 + sucrose + water system. a, c and e: for different 
concentrations of sucrose solution (20, 30, and 35 oBrix) respectively, at a constant temperature of 
275.65 K and pressures (…2.70, --- 2.90 and __3.10 MPa). b, d and f: for different concentrations 
of sucrose solution (20, 30, and 35 oBrix) respectively, at a constant pressure of 3.00 MPa and 
temperatures (…275.15 and ___276.15 K). 
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6.6.5 Rate Constant (Kapp) for the CO2 + sucrose + water system 
Figure 6-20 shows the Kapp for the CO2 + 12 oBrix sucrose + water system. By increasing the initial 
pressure, Kapp increases. The Kapp has a maximum value of 1.97 × 10-9 at a pressure of 3.10 MPa as 
presented in figure 6-20. Figure 6-21 shows the Kapp at a constant pressure of 3.00 MPa and for two 
different temperatures of 275.15 and 276.15 K. It is observed that by increasing the temperature, the 
Kapp decreases.  
 
Figure 6-20. Kapp for the CO2 + sucrose (12 oBrix) + water system at a constant temperature of 
275.65 K and different pressures of:  2.70,  2.90, and  3.10 MPa. 
 
  
Figure 6-21. Kapp for the CO2 + sucrose (12 oBrix)  + water system at a  constant pressure of 3.00 
MPa and different temperatures of:  275.15 and  276.15 K. 
 
The Kapp for different concentrations of sucrose at 20, 30, and 35 oBrix with CO2 + water is shown in 
figure 6-22. Figures a, c and e present the Kapp at a constant temperature of 275.65 K and different 
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pressures of 2.70, 2.90 and 3.10 MPa. Figures b, d and f show the Kapp at a constant pressure of 3.00 
MPa and two different temperature of 275.15 and 276.15 K. By increasing the initial pressure, Kapp 
increases. 
 
(a) 
  
(b) 
 
(c) 
 
(d) 
(e) 
 
  
(f) 
Figure 6-22. The maximum Kapp for the CO2 + sucrose + water system. a, c and e: for different 
concentrations of sucrose solution (20, 30, and 35 oBrix) respectively, at a constant temperature of 
275.65 K and pressures (  2.70,  2.90 and  3.10 MPa). b, d and f: for different concentrations of 
sucrose solution (20, 30, and 35 oBrix) respectively, at a pressure of 3.00 MPa and temperatures (  
275.15 and  276.15 K). 
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6.7 Concentration measurements 
6.7.1 Sucrose solutions 
Several researchers attempted to concentrate and analyse the residue fluid from hydrate experiments 
with sucrose solutions (Andersen and Thomsen, 2009, Purwanto et al., 2014) as presented in chapter 
4. The main objective of this study was to determine the concentration of the sugar cane juice, via 
hydrate-based concentration, using a series of hydrate concentration stages with sample analysis of 
the hydrate residue after each stage.  
 
 In the measurements, the effect of temperature, pressure, the speed of the mixer and the sampling 
screen size were investigated. The effect of each of these parameters was investigated separately, and 
the optimum conditions for sugar concentration were obtained. The sample concentration was 
determined via measurement of the refractive indices. 
 
The concentration experiments of this study were measured in a stage-wise manner, which started 
with a 12 oBrix sucrose solution. The concentration obtained from each step was used as the feed for 
the next stage until there was no hydrate formed in the reactor. The schematic of these experiments 
is shown in figure 6-23. 
 
Figure 6-23. Schematic of the stage-wise experimental study for the concentration tests. 
 
6.7.1.1 Effect of mesh size variation 
At a constant temperature of 275.65 K and a pressure of 3.00 MPa, mesh sizes of 38 and 45 microns 
were tested. It should be noted that in each of these concentration experiments, two identical tests 
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were performed, and the average concentration is reported. The difference is reported as an error  of 
0.004 mass fraction. Table 6-15 shows the experimental results of a sucrose concentration with CO2 
gas hydrate at a pressure of 3.00 MPa and a temperature of 275.65 K with a mesh size of 45 μm and 
a stirrer speed of 260 rpm. After the first test was performed and the final pressure was stabilised, a 
sample was withdrawn via the sample port located in the bottom flange and tested by the refractive 
index to determine its concentration. 
 
Table 6-15. Experimental results of sucrose solution concentration with CO2 gas hydrate at an initial 
pressure (Pinitial) of 3.00 MPa and temperature of 275.65 K using a mesh size of 45 µm and mixer 
speed of 260 rpm. 
Stage no. P final  
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 1.71 12.00 15.92 29 13.12 
2 1.78 15.92 21.92 35 13.54 
3 1.83 21.92 28.81 33 14.34 
4 1.93 28.81 31.89 15 14.54 
5 2.22 31.89 36.06 19 14.83 
6 2.26 36.06 41.09 22 17.20 
7 2.41 41.09 46.06 22 31.57 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
During the sample withdrawal using a 45 m mesh size, some hydrate crystals were visible in the 
sample vial/syringe as bubbles were generated and the sample volume was observed to gradually 
decrease in the sample syringe. Samples analysis via refractive index was performed at 10, 20, and 
30 minutes intervals, over which the concentration of the sample changed (about 1 to 2 oBrix). This 
change indicated the presence of hydrate nuclei inside the sample vial. However, after approximately 
10 minutes, the concentration did not change significantly. For this first set of experiments, at a 
temperature of 275.65 K, a pressure of 3.00 MPa and a mixer speed of 260 and a mesh size of 45 m, 
initial sucrose oBrix of 12, a final concentration of 46.06 oBrix was obtained after 7 consecutive 
concentration stages, In each step, the amount of water isolated from the initial solution was 
calculated. According to Table 6-15, the more viscous the final product, the greater the water recovery 
in the hydrate. As observed in Table 6-15, the induction time increases significantly as the initial 
concentration of the solution increases from 12 to 41 oBrix. Further concentration beyond stage 7 is 
not possible when considering the hydrate stability zone, as it is not possible to form stable hydrates.  
 
The second set of concentration measurements, under the same (T, P and mixer speed) conditions, 
used a mesh size of 38 µm to examine the effect of mesh size on concentration. Table 6-16 presents 
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the results for this series of measurements. By visual examination of the withdrawn sample, for stage 
1, although hydrate residues were visible in the sample syringe, the number of observed bubbles in 
the sample vial/syringe decreased compared to when the larger mesh size was used.  This indicated 
that the smaller size crystal passed through the mesh. The withdrawn samples were tested via 
refractometer three times within 10 minutes of each to study the effect of time on the sample 
concentration. The effect of time variations on the concentration of the sample was found to be much 
lower (less than 0.5 oBrix) compared to the previous set of experiments, indicating that crystals with 
a core size greater than 38 µm did not pass through the screen. The concentration of the final product 
after seven stages was 48.21 oBrix using a mesh size of 38 µm.  Similar to the previous experiments, 
it was not possible to form stable hydrates beyond stage 7. 
 
Table 6-16. Experimental results of sucrose solution concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.00 MPa and temperature of 275.65 K using a mesh size of 38 µm and mixer 
speed of 260 rpm. 
Stage no. P final  
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 1.76 12.00 16.99 36 13.10 
2 1.82 16.99 22.50 32 13.75 
3 1.93 22.50 28.96 31 14.41 
4 2.06 28.96 33.75 22 14.73 
5 2.26 33.75 38.69 22 15.65 
6 2.53 38.69 43.98 23 17.84 
7 2.61 43.98 48.28 19 36.10 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
Meshes size of 26 and 10 μm were also tested at constant temperature and pressure of 274.65 K and 
3.70 MPa, respectively and 130 rpm mixer speed which are shown in tables 6-17 and 6-18. In table 
6-17, the changes in concentration were more noticeable than the previous experiments, with a 
concentration increase from C initial of 12 to 38.62 oBrix. In the previous experiments, a 4-5 oBrix 
increase was observed over the initial stages. Table 6-17 presents the results for experiments using 
the 26 µm mesh size and a mixer speed of 130 rpm. 
 
Table 6-17. Experimental results of t sucrose solution concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 274.65 K using a mesh size of 26 µm and mixer 
speed of 130 rpm. 
Stage no. P final  
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 2.36 12.00 38.62 82 25.15 
2 2.93 38.62 52.83 51 45.35 
3 3.40 52.83 58.43 25 246.20 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
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The results show that after three stages of concentration hydrate formation experiments, the sucrose 
solution concentration in the final solution reached 58.43 oBrix. The conditions and mesh size in this 
third set of concentration experiments resulted in the least number of stages (three). With the use of 
the 26 μm mesh size, the probability of crystals of a size greater than 26 μm passing through the mesh 
decreased, and a very slight change in the concentration of the withdrawn sample (on the average 
0.05 oBrix) over time confirmed this claim. But given the fact that the presence of stable and unstable 
nuclei, much smaller than 26 μm, is very high, such small amounts of suspended nuclei were retained 
in the solution by passing through the mesh. These nuclei are not visible through the eye, and changes 
in concentration of the withdrawn sample after 10, 20 and 30 minutes, was less than 0.05 oBrix.  
 
The concentration results using the 10 μm mesh size were the final set of experiments to assess the 
effect of mesh size on product achieved. Table 6-18 shows the experimental results of a sucrose 
solution concentration with CO2 gas hydrate at a pressure of 3.70 MPa and a temperature of 274.65 
K using a mesh size of 10 μm and a stirrer speed of 130 rpm. At these conditions, four concentrations 
were required to reach a final concentration of 59.94 oBrix. Due to the very small size of the mesh in 
the device, removal of a sample was much more difficult than in previous concentration experiments, 
and the system experienced a significant drop in pressure of 0.10 - 0.20 MPa, in the first stage. 
Samples did not show any change in concentration as time passed. With the removal of two 3 ml 
samples for each experiment, it proved impossible to remove the third sample probably due to 
obstruction of the mesh with hydrates. In general, the use of a 26 μm mesh gave better results 
especially in the first stage of the concentration experiment. Due to the higher concentration obtained 
in the last stage of the experiment with the 10 μm mesh, it is recommended to use this mesh size for 
the final stage of the concentration experiment.  
 
Table 6-18. Experimental results of sucrose solution concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 274.65 K using a mesh size of 10 µm and mixer 
speed of 130 rpm. 
Stage no. P final 
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 2.23 12.00 29.30 70 25.13 
2 2.35 29.30 44.61 54 37.50 
3 2.36 44.61 54.46 39 130.20 
4 3.00 54.46 59.94 25 258.25 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
The results of this series of experiments show that the reduction of the mesh size to a certain extent 
increases the concentration. However, there were far more difficulties in the physical removal of the 
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samples with the lowest mesh size of 10um to outweigh the greatest concentration effect. Given the 
mesh size available in the market, the 26 μm mesh showed the most promising result for the 
concentration of the sucrose solution.  
 
6.7.1.2 Effect of pressure variation 
The effect of pressure on the concentration of sucrose solution was studied at 275.65 K and 3.70 MPa, 
using a 38 μm mesh size and 260 rpm mixer speed. A summary of this set of results is presented in 
Table 6-19. The results presented were compared to Table 6-16. The results show that after five stages 
(each experiment was repeated for each stage), a final concentration of 52.10 oBrix was achieved.  
 
Table 6-19. Experimental results of sucrose solution concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 275.65 K using a mesh size of 38 µm and mixer 
speed of 260 rpm. 
Stage no. P final 
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 2.35 12.00 19.29 45 13.10 
2 2.49 19.29 29.50 46 14.10 
3 2.47 29.50 41.63 46 14.95 
4 2.90 41.63 48.71 29 31.90 
5 3.22 48.71 52.10 15 45.20 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
In this method, the pressure difference with the hydrate dissociation zone is considered as the driving 
force. Therefore, the greater the distance from the stability curve, the greater the driving force, such 
that the hydrates consume more gas and liquid. It should be noted that this difference means an 
increase in pressure, and this increase in pressure should be economically justifiable. Two fewer 
stages are required in this experiment compared to the previous experiment with 3.00 MPa pressure. 
These results indicate that pressure is a crucial variable in concentration via hydrate technology. 
 
6.7.1.3 Effect of temperature variation 
The effect of temperature on the concentration of sucrose solution was studied at temperatures of 
274.65 and 275.65 K. The measured results for the experiment set of 274.65 K at 3.70 MPa, the mixer 
speed of 260 rpm and using a 38 μm mesh are given in Table 6-20. After completing this series of 
experiments, the results were compared with the data presented in Table 6-19. The results at the lower 
temperature (274.75 K) showed better concentration effects at the constant pressure. At this 
temperature, only three equilibrium stages are needed to obtain a concentration of 55.12 oBrix sucrose 
solution, which is much higher than the previous result (52.10 oBrix). At these thermodynamic 
conditions, clearly, with constant pressure and variation of temperature, two hydrate stability lines 
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were encountered, which the lower temperature curve has a higher pressure difference compared to 
the higher temperature one. This difference means a greater driving force, resulting in increased water 
consumption and better concentration of the final product. 
 
Table 6-20. Experimental results of sucrose solution concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 274.65 K using a mesh size of 38 µm and mixer 
speed of 260 rpm. 
Stage no. P final 
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 2.40 12.00 20.05 48 12.80 
2 2.42 20.05 35.82 59 13.56 
3 3.00 35.82 55.12 63 16.75 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
6.7.1.4 Effect of mixer speed variation 
To investigate the effect of mixer speed, experiments at a temperature of 274.15 K, a pressure of 3.70 
MPa, with a mesh size of 38 microns and a mixer speed of 130 rpm was performed. The results of 
this experiment are presented in Table 6-21. The results presented are compared to Table 6-20. 
 
Table 6-21. Experimental results of sucrose solution concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 274.65 K using a mesh size of 38 µm and mixer 
speed of 130 rpm. 
Stage no. P final 
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Water removed 
(wt.%) 
Induction time 
(min) 
1 2.23 12.00 32.80 75 25.18 
2 2.48 32.80 47.33 52 39.50 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
These results indicate that only two equilibrium stages are needed to reach the final concentration of 
47.33 oBrix. Results indicate that the lower speed favours water recovery/removal. The distinguishing 
feature of this test is the time taken to reach the equilibrium, which varies from 4 to 5 hours depending 
on the initial concentration of the solution. It should be noted that at lower mixer speeds the hydrates 
take longer to form, resulting in a slower rate of gas encapsulation, and longer time to reach 
equilibrium. Figure 6-24 shows a summary of the information presented for the CO2 + sucrose + 
water system.  
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Figure 6-24. Experimental results (refractive index nD20) of the sucrose solution concentration with 
CO2 gas hydrate. ●: Starting point at 12 oBrix (feed concentration); +: 3.0 MPa, 275.65 K, 45 μm and 
260 rpm (7 stages); ●: 3.7 MPa, 275.65 K, 45 μm and 260 rpm (5 stages); *: 3.0 MPa, 275.65 K, 38 
μm and 260 rpm (7 stages);  ×: 3.7 MPa, 274.65 K, 38 μm and 260 rpm (3 stages); : 3.7 MPa, 274.65 
K, 38 μm and 260 rpm (5 stages); □: 3.7 MPa, 274.65 K, 38 μm and 130 rpm (2 stages); ■: 3.7 MPa, 
274.65 K, 10 μm and 130 rpm (4 stages); : 3.7 MPa, 274.65 K, 26 μm and 130 rpm (3 stages); --- 
data from this work. 
  
All experiments for the concentration studies began with an initial sucrose solution of 12 oBrix. The 
largest concentration increase in the first experiment was achieved using the conditions of 274.65 K, 
3.70 MPa, mesh size of 26 μm and mixing speed of 130 rpm. For this stage, a final sucrose solution 
with a concentration of 38.62 oBrix was achieved. Figure 6-25 shows the schematic diagram of the 
proposed process for concentration of a sucrose solution with CO2 hydrate. 
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Figure 6-25. Conceptual hydrate process for sucrose solution concentration using CO2 gas hydrate to recover water from the solution. Hydrate 
formation was carried out at 274.65 K and 3.70 MPa and mixer speed of 130 rpm in the three stages. 
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6.7.2 Concentration experiments using sugar cane juice 
Concentration measurements were performed using sugar cane juice supplied by SMRI (South 
African Sugar Milling Institute). Regarding the sensitivity of the materials to storage and time (one-
week limit), experiments were performed as quickly as possible with samples being stored in the 
fridge when not being used. In some cases, the duration of the experiment lasted more than 15 hours 
to assess the concentration-effect over one stage. The first batch of the sugar juice received began to 
ferment after a week, most likely due to the microbial contamination using sucrose, glucose and 
fructose as substrate. Its pH had decreased dramatically to 3, and the experiments had to be repeated 
with a new batch of sugarcane juice samples with the pH of new results being acceptable at 
approximately >5. The new batch of the samples were kept in the refrigerator and was only defrosted 
when required for use. This ensured that the new samples did not ferment. 
 
The optimal conditions for sucrose solution hydrate conditions from earlier hydrate and kinetic 
measurements were 274.65 K, 3.70 MPa, 130 rpm mixer speed using a 26 μm mesh size. Therefore, 
concentration measurements using the cane juice were studied under these conditions. Furthermore, 
additional experiments were performed at 275.65 K, to assess the effect of temperature. Due to the 
presence of amino acids in sugarcane juice, its pH was tested. Table 6-22 shows the results of the 
concentration of sugar cane juice at a temperature of 274.65 K. 
 
Table 6-22. Experimental results for sugarcane juice concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 274.65 K with a mesh size of 26 µm and mixer 
speed of 130 rpm. 
Stage 
no. 
P final 
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Induction time 
(min) 
pH initial pH final 
1 2.49 12.00 30.10 25.86 6.73 5.76 
2 2.70 30.10 41.22 40.25 6.46 5.44 
3 2.90 41.22 52.30 135.24 6.30 5.33 
4 3.10 52.30 56.20 265.00 6.21 5.30 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
The results from these experiments showed that a greater time was needed to reach equilibrium for 
sugar cane juice compared to measurements using sucrose solutions. Furthermore, as the solution 
concentration increased, the time to reach equilibrium increased. Depending on the concentration of 
each step, the time to reach equilibrium varied from 6 to 15 hours. The induction time rises 
dramatically from 4 to 15 hours. Four equilibrium steps were required to achieve a concentration of 
56.2 oBrix (at 274.65 K, 3.70 MPa, 130 rpm mixer speed and 26 μm mesh size). The pH was measured 
for the feed (pH of 6.73) and product sample, with results showing a decrease after every stage of 
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concentration. The final pH obtained was 5.5, on average. The pH must remain constant and a change 
is considered as a concern.  
Table 6-23 shows the results of the concentration of sugar cane juice at a temperature of 275.65 K. 
The results show that the change in temperature affects the final concentration of the product, and the 
final concentration after four stages was 54.4 oBrix. The pH is most affected by the temperature 
change with a noticeable increase in pH. The results show that the lower the solution temperature, the 
lower the final pH of the product. Due to the increase in the temperature of the test condition compared 
to the previous one, it can be seen that an average pH of 5.7 is obtained for the final product. In 
general, four equilibrium steps are required to reach a concentration of 55 oBrix from a feed of sugar 
cane juice solution. 
 
Table 6-23. Experimental results for sugarcane juice concentration with CO2 gas hydrate at initial 
pressure (P initial) of 3.70 MPa and temperature of 275.65 K with the mesh size of 26 µm and mixer 
speed of 130 rpm. 
Stage 
no. 
P final 
(MPa) 
C initial 
(oBrix) 
C final 
(oBrix) 
Induction 
time (min) 
pH initial pH final 
1 2.49 12.00 28.70 28.45 6.73 5.85 
2 2.7 28.70 40.65 39.85 6.46 5.71 
3 2.9 40.65 47.37 128.52 6.3 5.7 
4 3.18 47.37 54.40 260.1 6.21 5.69 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
 
In general, four equilibrium steps are required to reach a concentration of 54.4 oBrix from a sugar 
cane juice solution. Each stage was repeated and the average value is reported for each stage. Figure 
6-26 shows the schematic diagram of the proposed process for the concentration of sugarcane juice 
with CO2 hydrate. 
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Figure 6-26. Conceptual hydrate process for sugarcane juice concentration using CO2 gas hydrate at 274.65, 3.70 MPa, 130 rpm stirrer speed and 
mesh size of 26 µm in the four stages.
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6.7.3 Sample withdrawal procedure  
For the withdrawn sucrose samples using mesh sizes of 38 or 45 microns, small bubbles appeared in 
the syringe as time passed. This is due to dissociation of the withdrawn hydrate crystals within the 
sucrose solution. Therefore, it is important that the sample withdrawn using the larger mesh size 
should be tested very quick (well within 20 seconds) to obtain accurate concentration readings. There 
is a possibility that there will be small bubbles detected immediately after sample withdrawal because 
of the dissolved gas in the liquid phase, which will disappear quickly.  
 
For the sampling of the concentrated sugarcane juice solution, after reaching concentrations higher 
than 40 oBrix, the samples withdrawn looked more like foam. It took at least 10 minutes for the foam 
to disappear and form a normal liquid solution. On comparison of the bubbles released from hydrate 
crystals in sucrose solution to those in the sample of sugar cane juice at higher Brix, after a while, the 
bubbles of the sucrose solution were larger, and the volume of the liquid in the syringe decreased by 
almost 0.1 ml, indicating the release of gas. Figure 6-27 shows photographs of the samples withdrawn 
from sucrose and sugarcane juice solutions. It was, therefore, possible to form stable hydrate which 
was confirmed in this study. (Smith et al., 2016) only measured thermodynamic phase boundary of 
the sucrose solution using refrigerants. The equipment used did not include features to withdraw the 
sample from the solution. Furthermore, (Smith et al., 2016) were not able to measure kinetic data 
(Smith et al., 2016). As a part of this research study, for the first time, reliable samples from 
concentration experiments using sucrose and sugarcane juice solutions were withdrawn with the new 
equipment developed in the Thermodynamic Research Unit (TRU). Due to the innovative technique 
employed for the design of the sampling mechanism, the samples were validated via three repeatable 
experiments providing a high confidence level for the data measured.  
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a) 
 
b) 
 
c) 
Figure 6-27. Withdrawn samples from the hydrate cell; a: sample from sucrose solution 
containing hydrate crystals, b: initial sample taken from sugarcane juice solution with the 
concentration higher than 40 oBrix, c: sample from sugarcane juice solution after the foam 
disappeared. 
 
Figure 6-28 shows the pictures of hydrates formed for sucrose and sugarcane juice solutions once the 
cell was opened. The hydrate crystals were withdrawn from the equilibrium cell once the gas was 
vented and the cell was opened. Due to the change in equilibrium condition, the crystals were not the 
same as in their equilibrium state. The taste of the crystals was also sweet. The crystals withdrawn 
from the sucrose solution were white and strong, however, the crystals removed from sugarcane juice 
were brownish with a softer texture.  
 
 
a) 
 
 
b) 
Figure 6-28. Photographs of the hydrate crystals after measurements; a: hydrate crystals from 
sucrose solution; b: hydrate crystals from sugarcane juice. 
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6.8 Evaluation of energy requirement 
6.8.1 Energy requirement for evaporation  
In the sugar factory, before the evaporation process, juice flows through a mixed and clear juice tank 
at temperatures between 338.15 to 348.15 K. It is then preheated to a temperature 2-3 K hotter than 
the juice boiling point which is normally 376.15 K. Thereafter hot lime is added to the juice at the 
same temperature and it is flashed down to its boiling point. The juice is then clarified. Due to the 
design of the clarifier, the juice is cooled down to 368.15 K. It is then preheated, pressurised, and 
introduced to the first effect at the temperature of 385.15 K. 
 
In a typical quadruple evaporation process, sugar cane juice is heated using four continuous 
evaporators, bringing the initial concentration of 12 to 55 oBrix. The final product reported at current 
sugar factories is at 60 to 70 oBrix with a target of around 65 oBrix (Foxon, 2019). This batch-based 
process shown in figure 6-29 is adapted from the Handbook of cane sugar engineering (Hugot, 2014).  
 
 
Figure 6-29. A typical relative multi-effect evaporation configuration for sugar cane juice 
concentration process (Hugot, 2014). 
 
An energy balance was used to calculate the energy required for the process in figure 6-29. The 
specific heat capacity of juices, syrups, and molasses were calculated as follows (Hugot, 2014): 
 
𝑐𝑝 = 1 − 0.006 × 𝐵 6.2 
 
Where Cp is the specific heat (kcal.kg-1.C-1), and B is the oBrix of the solution. Figure 6-30 shows 
detailed information about the energy balance over the first effect. The calculated heat entering and 
exiting the first effect are listed in table 6-24. The three streams of juice condensate (stream 3), sugar 
cane juice (stream 4), and vapourised water (stream 5) leaving each effect add to the heat loss. The 
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heat loss for the first to fourth effects are 1.25, 1, 0.75 and 0.5 % of total heat entering each effect 
(Hugot, 2014). It can also be calculated from the difference of the entering and exiting heat. 
  
6.8.1.1 Energy balance over the first effect  
During the evaporation process, the pressurized feed of sugarcane juice and steam enters the first 
evaporator and undergoes a physical reaction of phase change. Furthermore, the internal energy of 
the material involved is changed. Based on the conservation of energy, the total energy of the 
evaporator remains constant. Considering the heat loss, the energy balance is:  
∑ 𝐻𝑖𝑛 = 𝐻ℎ𝑒𝑎𝑡𝑙𝑜𝑠𝑠 + ∑ 𝐻𝑜𝑢𝑡 
6.3 
 
The heat of steam entering is taken from a steam table of dry saturated steam. The temperature 
gradient is the temperature difference of the current state with the reference state which is 0 oC (Hugot, 
2014). The enthalpy of the feed sugar cane juice is calculated as follows: 
 
𝑄𝑗𝑢𝑖𝑐𝑒 = 𝑚𝑗𝑢𝑖𝑐𝑒 × 𝐶𝑝𝑗𝑢𝑖𝑐𝑒 × ∆𝑇𝑗𝑢𝑖𝑐𝑒  
∆𝑇𝑗𝑢𝑖𝑐𝑒 = 𝑇𝑗𝑢𝑖𝑐𝑒 − 𝑇𝑟𝑒𝑓 = 𝑇𝑗𝑢𝑖𝑐𝑒 
𝑄𝑗𝑢𝑖𝑐𝑒 = 𝑚𝑗𝑢𝑖𝑐𝑒 × 𝐶𝑝𝑗𝑢𝑖𝑐𝑒 × 𝑇𝑗𝑢𝑖𝑐𝑒 
𝑄𝑠𝑡𝑒𝑎𝑚 = 𝑚𝑠𝑡𝑒𝑎𝑚 × 𝜆𝑠𝑡𝑒𝑎𝑚 
 
 
6.4 
6.5 
 
Where m, Cp, T, and 𝜆 are mass, heat capacity, temperature and the latent heat of the steam, 
respectively. Three streams of the recovered water from juice, the residue of the juice and condensed 
vapour exits the evaporator adding to the heat loss.  
 
 
Figure 6-30. Detailed information on the energy balance around the 1st effect. 
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The enthalpy of steam is calculated via the steam table, and equation 6.4 is applied for the juice and 
condensate. The heat loss on the first effect is 1.25 % of total internal energy entering the evaporator. 
The summarised results of the calculated values for the first effect are provided in table 6.24. 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚1 = 1 𝑘𝑔 × 643 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1 = 643 𝑘𝑐𝑎𝑙  
𝑄𝑠𝑡𝑟𝑒𝑎𝑚2 = 5 𝑘𝑔 × 0.93 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1. 𝐶−1  × 98 𝐶 = 456 𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚3 = 1 𝑘𝑔 × 1 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1. 𝐶−1 × 112 𝐶 = 112 𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚4 = 4.077 𝑘𝑔 × 0.91 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1. 𝐶−1 × 103 𝐶 = 382 𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚5 = 0.923 𝑘𝑔 × 640 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1 = 591 𝑘𝑐𝑎𝑙 
𝑄ℎ𝑒𝑎𝑡𝑙𝑜𝑠𝑠1 = 0.0125 × (643 𝑘𝑐𝑎𝑙 + 456 𝑘𝑐𝑎𝑙) = 14 𝑘𝑐𝑎𝑙 
 
 
Table 6-24. Calculated energy entering and exiting the first effect (as shown in figure 6-30). 
 Stream in Stream out 
Substance min (kg) Hin (kcal) mout (kg) Hout (kcal) 
stream 1 1.000 643 _____ _____ 
stream 2 5.000 456 _____ _____ 
stream 3 _____ _____ 1.000 112 
stream 4 _____ _____ 4.077 382 
stream 5 _____ _____ 0.923 591 
heat loss _____ _____ _____ 14 
 
 
6.8.1.2 Energy balance over the second effect 
The steam generated from the first effect is the heat source for evaporation in the second effect. 
Concentrated juice enters the second evaporator as the feed. Figure 6-31 shows detailed information 
on the energy balance around the second effect. The calculation of the enthalpy of the streams is the 
same as the previous section. The only difference is that the heat loss on the second effect is 1 % of 
the total energy entering the evaporator (Hugot, 2014). The calculated energies of the streams entering 
and exiting the second effect are listed in table 6-25. 
 
 
 
95 
 
Figure 6-31. Detailed information on the energy balance around the 2nd effect. 
 
The enthalpy of steam is calculated via the steam table, and equation 6.4 is applied for the juice and 
condensate. The summarised results of the calculated values for the 2nd effect is provided in table 
6.25. 
 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚6 = 0.923  kg × 1 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1.  oC−1 ×  103 oC    = 95  𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚7 = 3.120 𝑘𝑔 × 0.88 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1.  oC−1 × 94 oC = 258 𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚8 = 0.957 𝑘𝑔 × 637 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1 = 610 𝑘𝑐𝑎𝑙 
𝑄ℎ𝑒𝑎𝑡𝑙𝑜𝑠𝑠2 = 0.01 × (591 𝑘𝑐𝑎𝑙 + 382 𝑘𝑐𝑎𝑙) = 10 𝑘𝑐𝑎𝑙 
 
Table 6-25. Calculated heat entering and exiting the 2nd effect (as shown in figure 6-31). 
 Stream in Stream out 
Substance min (kg) Hin (kcal) mout (kg) Hout (kcal) 
stream 4 0.923 591 _____ _____ 
stream 5 4.077 382 _____ _____ 
stream 6 _____ _____ 0.923 95 
stream 7 _____ _____ 3.120 258 
stream 8 _____ _____ 0.957 610 
heat loss _____ _____ _____ 10 
 
 
6.8.1.3 Energy balance over the third effect 
The steam generated from the second effect is used as a heating medium for the third effect, and the 
residue of the sugarcane juice enters the third effect as the feed. Figure 6-32 shows detailed 
information on the energy balance around the second effect.  
 
 
96 
 
Figure 6-32. Detailed information on the energy balance around the 3rd effect. 
 
The enthalpy of steam is calculated using the steam table, and equation 6.4 is applied for the juice 
and condensate. The heat loss on the 3rd effect is 0.75 % of total internal energy entering the 
evaporator. The summarised results of the calculated values for the 2nd effect is provided in table 6.26. 
 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚9 = 0.957 kg × 1 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1.  oC−1 ×  94 oC = 90  𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚10 = 2.118 𝑘𝑔 × 0.83 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1.  oC−1 × 79 oC = 139 𝑘𝑐𝑎𝑙 
𝑄𝑠𝑡𝑟𝑒𝑎𝑚11 = 1.002 𝑘𝑔 × 631 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1 = 632 𝑘𝑐𝑎𝑙 
𝑄ℎ𝑒𝑎𝑡𝑙𝑜𝑠𝑠3 = 0.0075 × (610 𝑘𝑐𝑎𝑙 + 258 𝑘𝑐𝑎𝑙) = 7 𝑘𝑐𝑎𝑙 
 
Table 6-26. Calculated heat entering and exiting the 3rd effect (as shown in figure 6-32). 
 Stream in Stream out 
Substance min (kg) Hin (kcal) mout (kg) Hout (kcal) 
stream 7 3.120 258 _____ _____ 
stream 8 0.957 610 _____ _____ 
stream 9 _____ _____ 0.957 90 
stream 10 _____ _____ 2.118 139 
stream 11 _____ _____ 1.002 632 
heat loss _____ _____ _____ 7 
 
 
In general, to achieve 28 oBrix from 12 oBrix, 2940 kcal (12301 kJ) is required. With the total 1 kg 
of supplied steam at the temperature of 112 o C, 0.923, 0.957, 1.002 and 1.040 kg of water was 
removed from the first to fourth effect, respectively. The heat supplied was transferred to the juice to 
remove water as steam, and the generated steam is used in the next effect. These calculations were 
only performed for a simple case of the evaporation up to a certain concentration as a preliminary 
benchmarking exercise. There is an additional energy demand for vapour bleeds in the sugar factory. 
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Consequently, the amount of steam that goes into the first effect is substantially greater than 
calculated for this case.  
 
6.8.1.4 Estimation of the energy requirement for hydrate-based concentration 
From the hydrate experiments performed, only one effect of gas hydrate technology is required to 
achieve a concentration of 30.10 from 12 oBrix sugarcane juice. The energy required for just one 
effect is obtained via an energy balance around the hydrate system. The sugarcane juice provided 
upstream is at 95 o C and a pressure of 0.10 MPa. Here the system is considered as the reactor which 
operates at the optimum temperature and pressure of 274.65 K and 3.70 MPa, respectively. The gas 
must therefore be pressurised to 3.70 MPa using a compressor, and the juice must be cooled to the 
desired temperature. The schematic diagram of the system proposed is shown in figure 6-33.  
 
After the juice is cooled from 95 to 1.5 o C in the heat exchanger, it is mixed with pressurised CO2 
gas in the reactor. When the hydrate forms, the slurry and gas is transferred to the centrifuge to 
separate the juice from the hydrate crystals. The juice residue and gas is then transferred to the 
separation column to recover the gas and remove the concentrated juice. The separated hydrate is 
moved to the melter where clean water and released gas from decomposed gas hydrates are separated. 
The recovered gases are combined with the CO2 feed gas to be recycled in the process.  
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Figure 6-33. The proposed process for concentrating sugar cane juice from 12 to 30 oBrix using 
gas hydrate technology. 
 
The total heat required for the process in forming hydrates consists of three elements; the heat 
exchanger, hydrate formation and melter. The reactor walls are assumed to be thin and with no effect 
on heat transfer. The reactor operates at 1.5 o C which is below the ambient temperature. It is assumed 
to be isolated from the environment with a cold water jacket around it to maintain the temperature at 
the desired level for the duration of hydrate formation. For a 5 kg feed, a reactor with an optimal 
volume of 24 litres is required. It is assumed that the reactor is kept in a jacket containing 72 litres 
water.   
 
𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 + 𝑄ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 + 𝑄𝑐ℎ𝑖𝑙𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 − 𝑄𝑚𝑒𝑙𝑡𝑒𝑟  6.6 
 
The heat required for the heat exchanger is calculated as follows: 
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𝑄ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 = 𝑚 × 𝐶𝑝 × ∆𝑇 = 5𝑘𝑔 × (1 − 0.006 × 12 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1.  oC−1) × (1.5 − 95)o𝐶
= −433.84 𝑘𝑐𝑎𝑙 
 
The heat required in the reactor is the latent heat of phase change. The enthalpy of CO2 gas hydrate 
formation is 333.12 kJ.kg-1 (79.61 kcal/kg) at pressures between (1.00 to 4.00) MPa and temperatures 
between (273.35 to 284.15) K (Jemai et al., 2014). The mass of hydrate formed was previously 
calculated from the kinetic measurements and for this case is 1.117 kg. The heat required is calculated 
as follows: 
 
𝑄𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 𝑄𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 =  −𝑚𝑓𝑜𝑟𝑚𝑒𝑑ℎ𝑦𝑑𝑟𝑎𝑡𝑒 × 𝐻𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 = 1.117 𝑘𝑔 × 79.61 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1
= −93.14 𝑘𝑐𝑎𝑙 
 
The mass of the decomposed hydrates in the melter is the same as the mass in the reactor. Therefore, 
one can assume that the same amount of energy is required to melt the hydrate that is formed. Further 
assumptions include the energy required to decrease the temperature of the reactor, firstly from room 
temperature to the hydrate formation conditions, then to maintain this during the process. To 
determine this energy demand, the energy requirement was determined on the laboratory scale 
requirement of an insulated isothermal bath (SS 316L with internal dimensions of 40 × 40 × 60 cm, 
with a composite wall made of two stainless steel sheets of 1 mm thickness and 10 mm space between, 
filled with glass wool). The energy required by the chilling unit is: 
 
𝑄𝑐ℎ𝑖𝑙𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 = 𝑄𝑏𝑎𝑡ℎ 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑄ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 
𝑄𝑏𝑎𝑡ℎ 𝑙𝑖𝑞𝑢𝑖𝑑 = 𝑚 × 𝐶𝑝 × ∆𝑇 = 72 𝑘𝑔 × (1 𝑘𝑐𝑎𝑙. 𝑘𝑔
−1.  oC−1) × (1.5 − 25)𝑜𝐶 = −1692 𝑘𝑐𝑎𝑙 
 
The energy required to maintain the system temperature in the desired temperature of 1.5 oC is 
calculated via the heat flux of the walls. The heat flux of glass wool and SS 316L are 0.023 and 15 
W.m-1.K-1, respectively. The overall heat transfer coefficient is calculated as follows: 
 
𝑈 =
1
𝐿1
𝐾1
+
𝐿2
𝐾2
+
𝐿3
𝐾3
 
6.7 
𝑈 =
1
0.001
15
+
0.01
0.023 +
0.001
15
= 2.299 𝑊. 𝑚−2. 𝐾−1 
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L and K are wall thickness and conduction heat transfer coefficient. The heat flux is calculated as 
follows: 
𝑄ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 = 𝑈𝐴∆𝑇 = 2.299 𝑊. 𝑚
−2. 𝐾−1 × 1.26 𝑚2 × (25 + 273.15 − 1.5 − 273.15)𝐾 =
68.06 (
𝐽
𝑠
) = 245.02 
𝑘𝐽
ℎ𝑟
= 58.56 
𝐾𝑐𝑎𝑙
ℎ𝑟
  
 
The hydrate formation process takes approximately 4 hours. This requires a significant amount of 
energy input. The total energy requirement for maintaining this stage of the process is calculated as 
follows. 
 
𝑄𝑐ℎ𝑖𝑙𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 = −1692 𝑘𝑐𝑎𝑙 − 4 ℎ𝑟 × 58.56 𝑘𝑐𝑎𝑙. ℎ𝑟
−1 = −1926.24 𝑘𝑐𝑎𝑙 
 
The total heat required for the process is calculated using equation 6.6: 
𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 + 𝑄ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 − 𝑄𝑚𝑒𝑙𝑡𝑒𝑟 + 𝑄𝑐ℎ𝑖𝑙𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡
= −433.84 𝑘𝑐𝑎𝑙 − 93.14 𝑘𝑐𝑎𝑙 + 93.14 𝑘𝑐𝑎𝑙 − 1926.24 𝑘𝑐𝑎𝑙 = −2360.08 𝑘𝑐𝑎𝑙 
 
In summary, the total energy required is 9912.34 kJ (2360.08 kcal) for 5 kg 12 Brix sugar cane juice. 
To obtain a 30 oBrix juice from an initial concentration of 12 oBrix, the energy requirement is 20 % 
less than a three-stage evaporator train (2940 kcal; 12301 kJ). No capital costs have been accounted 
for, rather this is based solely on a preliminary assessment of the energy requirements (heating and 
cooling). A summary of the assessment of the utilities is presented in table 6-27.  
 
Table 6-27. Summary of the benchmarking studies for gas hydrate and evaporation studies. 
Technology C final (oBrix) No. of stages Energy input (kcal) T (o C) P (MPa) 
Hydrate  up to 60 3 2360 (1 stage ≈ 30 oBrix) 1.5 3.70 
Evaporation  up to 70 5-6 2940 (3 stages ≈ 28 oBrix) 55 - 112 0.01-0.10 
 
With evaporation technology, 3 stages are required to concentrate the sugarcane juice from 12 to 28 
oBrix, while with hydrate technology only 1 stage is required to obtain a product of higher 
concentration, with 30 oBrix. The first 3 trains of evaporation technology operate at a temperatures 
range from 78 – 113 o C with the last evaporator operating at 55 o C, while hydrate technology operates 
at 1.5 o C. The primary source of energy required for the hydrate process is the reactor cooling which 
uses +80% of the energy demand. A more efficient design of the cooling system with energy 
integration in the sugar cane factory could provide options for decreasing the energy demand. 
Furthermore, it is possible to perform further studies to enable higher operating temperatures for 
hydrate formation by the use of promoters or changing the gas (former) used. Given the number of 
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simplifications and assumptions in the presented work, consideration must be given to the energy 
demand for downstream heating in a sugar factory which will no longer be available by the evaporator 
station (the vapour bleeds). Furthermore, the actual sugar manufacturing processes takes place on a 
much bigger scale (e.g. 100 tonnes/hr). In order to consider such processes, one needs to put a lot of 
effort into the design of the chilling and maintenance of low temperature, which could lead to lower 
heat loss rates per unit flow of sugar juice. Hence, the cooling costs will probably be a lot lower than 
what is proposed in this study.  
 
Evaporation is costly from the energy point of view but the technology is easily understood. It is a 
traditional well-understood process compared to the hydrate which is a new technology. Evaporation 
operates at the high-temperature range which is one of the major reasons (in addition to pH lower 
than 5) to initiate sucrose inversion. In addition, possibility of the caramelisation on the hot surfaces, 
sugar entrainment as well as the scale deposition on the internal walls of the evaporators are among 
other disadvantages. These factors can be overcome using hydrate technology. However, more 
research and work needs to be spent on understanding the physical separation aspects. The design of 
the separators needs to be improved such that maintenance of the system at low temperature does not 
require significant energy. The current development level of the gas hydrate technology shows that 
more efforts need to be done to develop the equipment, reactor and separator which would provide 
the possibility of commercialisation.  
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Chapter 7: Conclusion 
 
A new pilot rig, with a 750 ml reactor designed in the Thermodynamics Research Unit was 
commissioned in this study. The new design included windows for viewing the cell content, an 
improved agitation system and enabled samples withdrawal for analysis of the concentrated solution. 
Thermodynamic phase equilibria data were generated for the systems {CO2 + sucrose or fructose 
solution} at the temperature range of (274.3 – 282.6) K and pressures up to 4.01 MPa. 
The measured data were regressed via the gamma-phi (𝛾 − ∅) approach using the PR EOS in 
combination with the NRTL, UNIQUAC or the UNIFAC group contribution model. Satisfactory 
correlation of the experimental and model data was well within 1% AAD (P). 
Kinetic data were measured for the systems {CO2 + sucrose solution} in the concentration range of 
0, 12, 20, 30, and 35 oBrix sucrose solution. 
The effect of initial pressure and temperature were tested on the kinetics of hydrate measurement in 
the ranges of 2.70 – 3.10 MPa and 275.15 – 276.15 K, respectively, indicating the shorter induction 
time at higher pressures, lower temperatures and lower initial concentration of the sucrose solution.  
The kinetic model was developed to obtain the hydrate formation rate (maximum of 0.043 ng.nw-1.min-
1 at temperature, pressure and sucrose solution concentration of 275.15 K, 3.10 MPa, and 12 oBrix, 
respectively), apparent rate constant (maximum of 1.99 × 10-9 ng.nw-1.min-1.Pa-1 at temperature, 
pressure and sucrose solution concentration of 275.65 K, 3.10 MPa, and 12 oBrix, respectively), gas 
consumption (maximum of 0.055 ng.nw0-1 at temperature, pressure and sucrose solution concentration 
of 275.65 K, 3.10 MPa, and 12 oBrix, respectively), and storage capacity (maximum of 53.52 v.v-1 at 
temperature, pressure and sucrose solution concentration of 275.65 K, 3.10 MPa, and 12 oBrix, 
respectively). 
An increase of pressure at constant temperature affects the above-mentioned parameters directly. By 
contrast, a rise in temperature at constant pressure has an inverse effect.  
The study of the effect of initial pressure (3.00 and 3.70 MPa), temperature (274.65 – 275.65 K), 
mixer speed (130 and 260 rpm) and mesh size (10, 26, 38 and 45 μm) on the concentration of the 
sucrose solutions helped achieved the optimum operating condition.  
Hydrate formation for {CO2 + sucrose solution} at temperature, pressure, mixer speed, and mesh size 
of 274.65 K, 3.70 MPa, 130 rpm, and 26 μm, respectively, resulted in the concentration of 12 oBrix 
feed to approximately 59.98 oBrix over three stages. 
The concentration of the sugarcane juice solutions was performed at the optimum conditions with 
only four stages required to concentrate the sugarcane juice from 12 to 56.20 oBrix.  
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An analysis of the hydrate process for implementation in a sugar factory showed that using one 
hydrate stage to concentrate feed of 12 to 30 oBrix has the possibility to replace three evaporation 
units. A comparison of the energy usage was performed, which showed an approximate 20 % decrease 
in the energy requirement for this one stage over a three-effect evaporation train. The calculations 
were performed for a simple case with an aim to benchmark the initial concentration levels. This 
excluded the consideration of vapour bleed from evaporation trains as well as the temperature 
maintenance of the hydrate reactor. The vapour bleeds are normally used as an energy supply to the 
other parts of the sugar factory.  
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Chapter 8: Recommendations 
 
As a continuation of this work, various measurements, modelling considerations, and equipment 
developments can be performed.  
i. Further experimental measurements using different gases such as methane, ethane, propane 
etc. should be performed to obtain the hydrate phase boundary for the new systems {of 
hydrate former + solutions} 
ii. Hydrate dissociation measurements for other carbohydrates such as fructose, glucose, 
dextrose and fruit juices either in pure or mixture form should be investigated.  
iii. A comprehensive study of integrating the hydrate technology should be performed to 
combine the gas hydrate technology with the available evaporation trains to reduce the energy 
and cost requirements. This includes more attention to the evaporator station as a source of 
heating medium for other factory processes 
iv. Further equipment development should be conducted to study the crystal size at different 
thermodynamic conditions. This can be done by modifying the hydrate equipment to 
withdraw samples from hydrate crystals, which also will provide the possibility to analyse 
the composition of the samples to investigate the carbohydrates retained in the crystals.  
v. Further work on the hydrate formation process and the change in crystal size at various 
thermo-physical conditions should be studied. This will enable an understanding of the 
hydrate structure during hydrate formation and the dissociation process.  
vi. The thermodynamic model used for the inhibition effect of the carbohydrates is based on 
empirical data. This can be extended via including experimental phase equilibrium data.  
vii. Further work can be performed to investigate the cause of the pH change in the gas hydrate 
experiments and to propose strategies to mitigate this effect. 
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Appendices 
Appendix A: Thermodynamic modelling results 
 
The comparative study and statistical analysis on the modelling approaches developed in this study 
are presented in tables A-1 (CO2 + water), A-2 (CO2 + sucrose solution) and A-3 (CO2 + fructose 
solution). A summary of the best modelling combinations was presented in chapter 6.5.3 and table 6-
12. As shown in Table 6.7, the models used included a combination of approaches and empirical 
equations. 
 
Table 6-7. A summary of the thermodynamic model approaches used in this study. 
Gas-liquid interaction Activity coefficient in the liquid phase Fugacity in the hydrate 
phase 
Kihara potential (K-P) 
(Kihara, 1953) 
Parrish – Prausnitz (P-P) 
(Parrish and Prausnitz, 1972) 
Munck-Skjold-Rasmussen 
(M-S-R) (Munck et al., 1988) 
- UNIQUAC (Abrams and Prausnitz, 
1975) 
- UNIFAC (Fredenslund et al., 1975) 
- NRTL (Renon and Prausnitz, 1968) 
Chemical potential (C-P) 
(Mohammadi et al., 2005) 
Empty hydrate (E-H) 
(Mohammadi and Richon, 
2008) 
 
Table A-1. Result of modelling for the CO2 + water at the temperature and pressure ranges of 
(276.6 - 282.6) K and (1.80 – 3.92) MPa. 
Model AAD(P) % 
(P-P) and (C-P) 0.09 
(P-P) and (E-H) 0.10 
(M-S-R) and (C-P)  0.10 
(M-S-R) and (E-H)  0.11 
(K-P) and (C-P) * 0.03 
(K-P) and (E-H)  0.05 
 
* Best modelling combination 
 
Table A-2. Result of modelling for the CO2 + sucrose solution (20, 30, 35 and 40 oBrix) at the 
temperature and pressure ranges of (276.4 - 281.4) K and (1.94 – 4.10) MPa. 
Model AAD(P) % 
(P-P), UNIFAC (C-P) 1.00  
(P-P), UNIFAC, (E-H) 1.17  
(M-S-R), UNIFAC, (C-P) 0.98  
(M-S-R), UNIFAC, (E-H)  1.59  
(K-P), UNIFAC, (C-P)  1.95  
(K-P), UNIFAC, (E-H)  1.93  
(P-P), UNIQUAC, (C-P)  1.01 
(P-P), UNQUAC, (E-H)  1.46  
(M-S-R), UNQUAC, (C-P) 0.97  
(M-S-R), UNQUAC, (E-H)  1.85  
(K-P), UNQUAC, (C-P)  2.49  
(K-P), UNQUAC, (E-H)  1.94  
(P-P), NRTL, (C-P)  1.02  
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Table A-2 continued  
Model AAD(P) % 
(P-P), NRTL, (E-H)  1.46  
(M-S-R), NRTL, (C-P) * 0.96  
(M-S-R), NRTL, (E-H)  1.85  
(K-P), NRTL, (C-P)  2.66  
(K-P), NRTL, (E-H)  1.94  
 
* Best modelling combination 
 
Table A-3. Result of modelling for the CO2 + fructose solution (15, 20 and 30 oBrix) at the 
temperature and pressure ranges of (274.3 – 280.8) K and (1.93 – 3.73) MPa. 
Model AAD(P) % 
(P-P), UNIFAC (C-P) 1.27 
(P-P), UNIFAC, (E-H) 1.05 
(M-S-R), UNIFAC, (C-P) * 0.75 
(M-S-R), UNIFAC, (E-H) 1.02 
(K-P), UNIFAC, (C-P) 0.97 
(K-P), UNIFAC, (E-H) 1.27 
(P-P), UNIQUAC, (C-P) 0.98 
(P-P), UNQUAC, (E-H) 1.23 
(M-S-R), UNQUAC, (C-P) 0.88 
(M-S-R), UNQUAC, (E-H) 1.04 
(K-P), UNQUAC, (C-P) 1.63 
(K-P), UNQUAC, (E-H) 1.38 
(P-P), NRTL, (C-P) 0.90 
(P-P), NRTL, (E-H) 1.05 
(M-S-R), NRTL, (C-P) 0.88 
(M-S-R), NRTL, (E-H) 1.03 
(K-P), NRTL, (C-P) 1.69 
(K-P), NRTL, (E-H) 1.47 
 
* Best modelling combination 
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Appendix B: Kinetic results of CO2 + water system 
 
B.1 Induction time 
The induction time is the time required for the hydrate crystal to create a stable nucleus and grow. 
Thee sample is kept at constant temperature and pressure inside the hydrate stability region in order 
to measure the induction time and expect the formation of a significant volume of the hydrated crystal. 
Figure B-1 shows the induction time for the formation of CO2 hydrates at temperatures of 275.65 K 
and 2.70 MPa.  
 
 
Figure B-1. Hydrate kinetic measurements of CO2 + Water (this work). 
 
As shown in Figure B-1, during the formation of carbon dioxide hydrates, three distinct regions can 
be determined. The first region is the stage of dissolution. During this period, some of the gas in the 
vapour phase is released to the vapour-liquid level and dissolved in the liquid phase. During the 
second period or induction period, carbon dioxide hydrate crystals are formed and decomposed until 
a stable nucleus is created and grown as detectable. The cloud point in Figure B-1 shows the beginning 
of the growth stage, which corresponds to the last period shown in Figure B-1. At the growth stage, 
CO2 molecules are encapsulated into the cavities formed, and the system pressure is reduced to a 
constant value. 
Figure B-2 shows the induction time of carbon dioxide hydrate at a constant temperature of 275.65 
K and three initial pressures of 2.70, 2.90 and 3.10 MPa. The induction time at a constant temperature 
of 275.65 K and pressure of 2.70, 2.90, and 3.10 MPa are 16.23, 12.54 and 10.48 minutes, 
respectively. It is evident that with increasing the initial pressure at a constant temperature, the 
induction time decreases. Similar results are obtained by reducing the initial temperature at a constant 
Growth 
Induction 
Time 
Dissolution 
Turbidity 
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pressure which is shown in figure B-3. Thus, at first temperatures of 275.15 K and 276.15 K, and the 
constant pressure of 3.00 MPa, the induction time was 11.20 and 12.20 minutes, respectively. Table 
B-1 summarises the induction time obtained from these kinetic measurements. 
 
Figure B-2. Hydrate kinetic measurements of CO2 + Water at 275.65 K; … 2.70, --- 2.90 and ____ 3.10 
MPa. 
 
 
Figure B-3. Hydrate kinetic measurements of CO2 + Water at 3.00 MPa; --- 275.15 and ___ 
276.15 K. 
 
Table B-1. The induction time for CO2 + water system at different temperatures and pressures. 
Initial Temperature (K)  
 
Initial Pressure (MPa) Induction time (min) 
275.65 2.70 16.23 
275.65 2.90 12.54 
275.65 3.10 10.48 
275.15 3.00 11.20 
276.15 3.00 12.21 
 
U(P) = 0.01 MPa, U(T) = 0.1 K. 
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B.2 Gas consumption 
The model proposed by (Englezos et al., 1987) was used to estimate the number of gas molecules 
intake during the formation of hydrates (presented in chapter 3). Figure B-4 shows CO2 consumption 
an initial temperature of 275.65 K and pressure of 2.70 MPa. Gas consumption during the hydrate 
formation is divided into four regions. During the first region or induction time, gas consumption was 
almost zero as the hydrate crystals were not formed. CO2 hydrate was then rapidly formed in the 
growth region (second region). During this period, CO2 molecules were encapsulated within the 
hydrate cavities. The hydrate formation rate (HFR), was then reduced due to water consumption 
during hydrate formation and the effect of mass and heat transfer. In the fourth zone, the consumption 
of CO2 became a constant value, and the formation of hydrate was complete.  
 
 
Figure B-4. CO2 consumption per mole of water during the hydrate formation (this work). 
 
In Figure B-5 the use of carbon dioxide in hydrate during hydrate formation was shown at a primary 
temperature of 275.65 K and various pressures of 2.70, 2.90 and 3. 10 MPa. By increasing the initial 
pressure at a constant temperature, CO2 gas intake was increased. Figure B-6 shows the consumption 
of carbon dioxide during hydrate formation at an initial pressure of 3.00 MPa and two different 
temperatures of 275.15 and 276.15 k. It is evident that CO2 consumption decreases with increasing 
the initial temperature at constant pressure. 
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Figure B-5. Number of moles of CO2 consumed per mole of water during the hydrate formation 
at an initial temperature of 275.65 K and different pressures (… 2.70, --- 2.90 and ___ 3.10 MPa) 
 
 
 
Figure B-6. Number of moles of CO2 consumed per mole of water during the hydrate formation 
at an initial pressure of 3.00 MPa and two initial temperatures (--- 275.15 and ___ 276.15 K). 
 
B.3 Storage capacity (SC) 
The storage capacity (SC) of the gas hydrates are expressed as the volume of stored gas in the volume 
of gas hydrates under STP conditions (standard temperature). Figure B-7 shows the storage capacity 
at an initial temperature of 275.65 K and three initial pressures of 2.70, 2.90 and 3.10 MPa. The 
storage capacity increases with increasing the initial pressure. 
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Figure B-7. SC of CO2 during hydrate formation at an initial temperature of 275.65 K and 
different pressures (… 2.70, --- 2.90, and ___ 3.10 MPa). 
 
Figure B-8 shows the SC at an initial pressure of 3.00 MPa and temperatures of 275.15 and 276.15 
K. It is evident from the results that the SC decreases with increasing the initial temperature. 
 
Figure B-8. SC of CO2 during hydrate formation at an initial pressure of 3.00 MPa and different 
temperatures (--- 275.15 and ___ 276.15 K). 
 
B.4 Hydrate formation rate (HFR) 
The hydrate formation consists of three steps. In the first step, the gas molecules are moved from the 
vapour phase to the liquid. In the second step, the molecules of the gas are released to the boundary 
and eventually, in the third stage, the molecules of the gas are encapsulated into the hydrate holes 
(Sloan and Koh, 2008). The growth rate in each particle is obtained using the differences between the 
fugacity of the gas molecule in the bulk liquid and the fluid in the hydrate interface. The growth rate 
of CO2 hydrates was modelled in this study. The hydrate formation rate is shown in Figures B-9 and 
B-10, with the highest peak rate obtained at 3.10 MPa (at a constant temperature of 275.65 K). 
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Figure B-9. HFR at an initial temperature of 275.65 K and different pressures (… 2.70, --- 2.90 and ___ 
3.10 MPa). 
 
 
Figure B-10. HFR at an initial pressure of 3.00 MPa and different temperatures (… 275.15 and ___ 
276.15 K). 
 
B.5 Apparent rate constant (Kapp) 
The apparent rate constant was measured at a constant temperature of 275.65 K and different pressure 
2.70, 2.90, and 3.10 MPa. The maximum Kapp at induction time is presented in figure B-11. With 
increasing the initial pressure, the rate constant was increased. Figure B-12 presents the maximum 
Kapp for CO2 + water system at a constant pressure of 3.00 MPa and temperatures of 275.15 and 
276.15 K. It is evident from the figure that by increasing the temperature in constant pressure, the rate 
constant was decreased.  
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Figure B-11. Maximum Kapp for CO2 + water at constant temperature (275.65 K) and three different 
pressures;   2.70,  2.90, and  3.10 MPa. 
 
 
Figure B-12. Maximum Kapp for CO2 + water at constant pressure (3.00 MPa) and two different 
temperatures;  275.15 and  276.15 K. 
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